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Preface 


In traditional SVPWM, all operating modes or voltage space vectors of the inverter 
need participate in modulation, which results in a large amount of calculation in the 
digital processor and the corresponding computational complexity. It is well known 
that reducing the number of voltage space vectors is a potential methodology to 
simplify the calculation of SVPWM. 

Since 2001, the authors have studied the modulation characteristics of power 
electronic converters to solve the computational complexity problem of SVPWM. 
In terms of the system state controllability, it is found that not all voltage space 
vectors are required for the SVPWM process, when the inverter is regarded as a 
switched linear system. Further, some redundant voltage space vectors can be 
ignored to reduce the computational complexity of SVPWM and achieve the 
desired control output. Based on the above results, the rotating voltage space vector 
can be synthesized by fewer voltage space vectors, and a novel and simpler 
SVPWM can be obtained. In fact, any rotating voltage space vector has a variety of 
synthesis methods on the basis of the space vector graph of SVPWM, when the 
angle between two voltage space vectors forming the rotating voltage space vector 
is less than 180°, so it is possible to choose the modulation method having fewer 
voltage space vectors to realize SVPWM. The drawn conclusion of the system state 
controllability analysis in geometry can be confirmed. 

Therefore, in view of the system state controllability, the authors do propose the 
mechanism and criterion of m-mode SVPWM, and develop the corresponding 
strategies applied for two-level inverters, dual-output inverters, multiphase invert- 
ers, three-level inverters, modular multilevel inverters, and PWM rectifiers. 
Theoretical and experimental results validate that m-mode SVPWM has simpler 
calculation, lower switching frequency, and higher efficiency than the existing 
SVPWM. The m-mode SVPWM, we concluded, is an innovative one. 

This book consists of four parts. According to the switched linear system theory, 
the first part reveals the state controllability of power electronic converters and puts 
forward the corresponding m-mode state controllability criteria and the m-mode 
SVPWM mechanism. Based on the above theory, the m-mode SVPWM strategies 
of the three-phase four-wire inverter, nine-switch dual-output inverter, five-leg 
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dual-output inverter, and three-phase three-level inverter are proposed in the second 
part in detail, and the proposed SVPWMs are compared with the traditional ones to 
verify their superiorities. By reducing the number of inverter operating modes, the 
following part exhibits the application of m-mode state controllability to the 
complex modular multilevel inverter to simplify the PWM strategy. The m-mode 
SVPWM mechanism, in the last part, is popularized and applied to the PWM 
rectifier. 

And, withal, an inspiration is given from this book: multi-interdisciplinary 
research can achieve novel outcomes. For example, considering power electronic 
converter only from the circuit theory, the factors that promote the development of 
power electronic technology show less vitality. Switched linear system theory, 
however, draws new elicitation for the study of power electronic converters. It is 
even possible to achieve further discoveries, tap the potentials, and take full 
advantage of the new characteristics of power electronic converters. Therefore, it is 
interdisciplinary that enlightens the future direction in research of power electronics 
technology. 


Guangzhou, China Bo Zhang 
October 2018 Dongyuan Qiu 
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Chapter 1 ®) 
Introduction eects 


1.1 Review of PWM Converter 


Pulse-width modulation (PWM) is one of the core technologies of power electronic 
converters and it was initially proposed to allow inverters to output sinusoidal AC 
voltage and current. Up to now, it has been applied to the AC—AC matrix converters 
and PWM rectifiers. Although PWM has been proposed for nearly 60 years since 
1964, due to the continuous emergence of various new power electronic converters 
and the increasing requirements for the quality of converters’ output voltage and 
current, PWM is still one of the most popular research directions in the field of 
power electronics, and continues to attract attention and interest of researchers. 

PWM methods are usually divided into sinusoidal pulse-width modulation 
(SPWM) and space vector pulse-width modulation (SVPWM) according to the prin- 
ciple of generation. For inverters, there are three main indicators to evaluate the 
performance of PWM method: (1) Harmonic content; (2) Utilization of the DC volt- 
age; and (3) Switching times. Besides, with the development of PWM method, it 
is necessary to consider the difficulty of the control method implementation, the 
possibility of soft switching, and the ability to suppress common mode (CM) and 
differential mode (DM) interferences simultaneously. 

The analysis of the inverters’ harmonic content is mainly based on the Fourier 
series method [1]. Assuming that the output voltage v of the inverter is a function of 
the period 7, its root mean square (RMS) value is defined as 


T 
/ sat (1.1) 
0 


Since the voltage signal v is periodic, it can be expressed by the Fourier series as 
follows: 


le 


Vims = 


v = V, cosa@t + V2 cos 2wt + V3. cos3m@t+---, (1.2) 
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) is the amplitude of the component 


where w = 27 /T = 2 f, V, (n= 1,2,3 
(1.3) 


at frequency f, = nf 


Thus, 
V,, Vi. cos nwt cos kwtdt 


The integral term of n ¢ k in Eq. (1.3) is zero, so there is 


LS cos? natdt 
(1.4) 


Vims = 
\ 0 2 1 
—a— Lf y a + cos 2nwt)dt 
\ g n=l 
The integral result of the double frequency term in Eq. (1.4) is zero in one complete 
cycle, so there is 
e.e) 
v2 
Vins = —. 1.5 
2 ; (1.5) 
Equation (1.5) could be expressed in terms of the RMS value as follows 
[oe 
Vims = > Ve des (1.6) 
n=1 


where V,, mms 1s the RMS value of the component at frequency /f, 
The fundamental component in Eq. (1.6) is the desired output and the remaining 
(1.7) 


components can be regarded as “distortion”. Considering the fundamental component 


Vi.1ms, the above equation turns to be 
Vims = = Vi, rms 1+ > (f= 


The total harmonic distortion (THD) of the voltage is then defined as 
(1.8) 


n,rms 


THD = = (i 
1,rms 
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To express the DC voltage utilization of the PWM inverter, it is common to use 
the ratio of the fundamental amplitude of the output voltage to the DC input voltage 
V, of the inverter. For the three-phase SPWM inverter, the maximum output phase 
voltage is Ma. so the maximum output line voltage is v3 Vz, that is, the DC voltage 
utilization is 0.866. For the three-phase inverter with SVPWM control, six voltage 


space vectors Vs1, Vs2, Vs3, Vsa, Vss, Vso form a hexagon, as shown in Fig. 1.1. 
When the resultant voltage vector rotates with an inscribed circle of radius OM, the 
maximum output phase voltage and line voltage are v3 V, and Vz, respectively, and 
the corresponding DC voltage utilization rate is 1. When the resultant voltage vector 
rotates with an inscribed circle of radius ON, which represents for the maximum 


conventional SPWM, the maximum output phase voltage and line voltage are va and 


2 Va, respectively, which means that the DC voltage utilization rate is 0.866. When 
the voltage vector operates in the hexagonal shape condition, the maximum output 
phase voltage and line voltage are V4 and es Va, 
rate is 1.155. 

The switching frequency of the PWM method could affect the efficiency and 
reliability of inverter directly. The higher the switching frequency f;, the smaller the 
distortion rate of the AC output current of the inverter, and the smaller the capacity 
and volume of the filter inductor and capacitor. However, as the switching frequency 
increases, the switching losses increase, and the performance requirements for the 
switching device are improved. 

The loss generated by the switching process is called the dynamic switching loss, 
which is related to the switching-on time f,, and switching-off time fo¢¢ of the switch. 
Assuming that the current flowing through the switching device is Jc when turned 
on, the voltage across the switching device is Vc when turned off, and the current 
and voltage rise or fall linearly during the turn-on and turn-off processes, then the 
current and voltage of the switching device change according to the following rules 
during the turn-on process. 


then the DC voltage utilization 


Fig. 1.1 Voltage vectors of a Maximum value 
three-phase inverter SVPWM 


i (outer hexagon) 


Maximum circular 
SVPWM 
(inscribed circle) 


V,, Maximum 
conventional 
SPWM 
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t. 
on (1.9) 


The expressions of the current and voltage of the switching device during the 
turn-off process are 


fott (1.10) 


Then the dynamic switching loss is 
ten: lore 
I Vi I Vi 
r= f Ee(ve- Eran f (te- Er) rar 
ton ton loft loft 
0 0 
_ fon + lott 
6 


fsVclc (1.11) 


It can be seen that the dynamic switching loss is proportional to the switching 
frequency f,. The higher the switching frequency, the larger the loss, the lower the 
efficiency of the converter, and the switching loss limits the improvement of switching 
frequency of the converter. 

Therefore, various PWM methods for the inverter have been proposed and devel- 
oped to reduce the harmonic content, increase the DC voltage utilization rate, and 
reduce the number of switching times. For the AC—AC matrix converter and PWM 
rectifier, since the former one can be regarded as the AC-DC-—AC conversion, the 
latter one has the same topology as the PWM inverter, their PWM methods can be 
proposed based on those of inverters. 


1.2 SPWM Methods 


1.2.1 Natural Sampling SPWM 


The natural sampling SPWM method for the inverter is shown in Fig. 1.2 [2], where 
v, is a sinusoidal modulating signal and v, is a triangular carrier signal. The prin- 
ciple of natural sampling SPWM is to compare a sinusoidal modulating voltage of 
fundamental frequency /; with a triangular carrier wave of much higher frequency 
fc. According to the comparison results, an rectangular pulse sequence whose width 
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varies with the sinusoidal law is generated, and the pulse sequence is power amplified 
to drive the inverter to produce a sinusoidal voltage or current output. 

Figure 1.3 is a partial enlargement of Fig. 1.2. Accurately calculating the natural 
intersection time of sine and triangle waveforms is the key to generate a natural 
SPWM rectangular pulse sequence. Assuming that TJ, is the period of the triangular 
carrier waveform, there are two intersections in one carrier period 7,, which are 
t; and ty, respectively. Then, the “ON” and “OFF” durations of each SPWM pulse 
tonts fon2s foffi, ANd tofe2 are determined by 


T. 
loftl = a —msin(ot))) 


T (1.12) 
a= qu +msin(at,)) 
T. : 
ton2 = ao +m sin(@t2)) 
T (1.13) 
loft2 = ah — msin(wt2)) 
where m = Vin/Vem is the modulation ratio; Vim is the peak amplitude of the 


sinusoidal modulation signal; Vim is the peak amplitude of the triangular signal; m 
ranges from 0 to | and the larger the value it is, the higher the fundamental voltage 
of the output. @ is the angular frequency of the sine wave, which is the desired 
fundamental frequency of the inverter output voltage. 


Fig. 1.2 Principle of the 
SPWM waveform generation 
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Fig. 1.3 Natural sampling 
SPWM method 


The pulse width of the generated SPWM wave in one period is 


T, m 
ton = tont + ton2 = $(1 + am ot, + sin wh) (1.14) 

Since Eq. (1.14) is a transcendental equation, it will take a lot of time to solve it 
by the conventional numerical solution. Therefore, it has been considered that the 
mathematical model of the natural sampling method is not suitable for real-time 
control. 


1.2.2. Symmetric Regular Sampling SPWM 


The symmetric regular sampling SPWM method takes the time corresponding to the 
symmetry axis of each triangular wave as the sampling time. When a vertex is used as 
the sampling point, the generated pulse width is significantly smaller and the control 
error is larger, so the bottom point is usually used as the axis of symmetry [3]. 

As shown in Fig. 1.4, a line passing through the intersection point of the sine 
wave and the symmetry axis of the triangle wave is parallel to the time axis. The 
intersection of the parallel line and the triangular wave is sampled as the “ON” or 
“OFF” moment of the SPWM wave. Since these two intersections are symmetrical, 
the sampling method is called the symmetric regular sampling method. 

From Fig. 1.4, the relationship can be obtained as follows 
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Te 2 
= : (1.15) 
6 1+msin(wtp) 
where 5 = font = fon2. Thus, the pulse width can be defined by 
= (14 (2 p=) (1.16) 
= m sin{ (2n N : 
wheren = 1,2, ..., N, N= Je ig the frequency modulation ratio. 
During one period of the triangular wave, the gap width on both sides of the pulse 
is 
5 Lor 5) fs 1 sin{ (2. ee (1.17) 
= - = m n — 1)— . 
2 4 N 


For the three-phase half-bridge inverter, a three-phase SPWM wave should be 
formed. Usually, the triangular carriers are common to the three phases, and the 
three-phase sinusoidal modulated waves are sequentially on out of phase. The pulse 
widths of the three phases in the same triangular wave period are 5g, dp and db, 
respectively, and the gap widths are 5’, 64; and 6’, respectively. Since the sum of 
the three-phase sinusoidal modulating voltages is zero at any time, the following 
equation is established. 


Fig. 1.4 Symmetric regular 
sampling SPWM 
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Fig. 1.5 Asymmetric 
regular sampling SPWM 


3 
Og + 6p +6. = =Te 
2 


(1.18) 
/ / / 3 
6,+6,+6. = —-Te 
4 
Generally, both 5, and 6) for phase A can be calculated by the microprocessor 
first, then 6, and 6), for phase B, 5, and 6! for phase C could be generated by the 
phase-shifted method. 


1.2.3 Asymmetric Regular Sampling SPWM 


The mathematical model of the symmetric regular sampling method is very simple, 
but itis only sampled once per carrier cycle, which results in a large deviation between 
the formed step wave and the sine wave. If it is sampled at both the peak and bottom 
positions of the triangle wave, that is, it is sampled twice per carrier cycle, then 
the formed step wave will be much similar to the sine wave. The principle of the 
asymmetric regular sampling method is shown in Fig. 1.5 [4]. 

From Fig. 1.5, the “ON” durations are defined by 


t “(14 ~~) 0,2,4 2(N — 1) (1.19) 
a msin —), n=0,2,4,..., = . 
Pa N 
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T- _ ni 

tor = = (1+msin =), HAS NT (1.20) 
4 N 


Obviously, when n is an even number, it represents for the vertex sampling, and 
when nis an odd number, it represents for the bottom point sampling. 

Therefore, the pulse width of the single-phase SPWM wave can be calculated as 
follows: 


ton = font + ton2 (1.21) 
To generate a three-phase SPWM wave, three sine waves with a phase shift of “2 


are compared with one common triangular wave. When the vertexes are sampled, 
there are 


Cc c ; a 
i (1 +msin(n=)) 
N 


B c ¢ 4 Qn 
font = 1+msin go Re , n=0,2,4,..., 20N-—1) (1.22) 


A T- : nx An 
ton) = —|{ 1+msin{ n— + — 
4 N 3 


When the bottom points are sampled, there are 


T. 
i= =(1 +m sin(n—)) 
4 N 


B Te . mu 20 
fom = 1+msin Ra Pa) |e BES Spy ZN (1.23) 


A Te . nxn An 
tong = —(1+msin{ n— + — 
4 N 3 


Therefore, the pulse width of each phase of the three-phase SPWM wave can be 
expressed as follows: 


Saly 


| 


Cut 3 Cc 

ton => tent i Ton? 

B B B 

be tog Fis (1.24) 
A _,A A 

ton - tont is ton2 


In order to make the three-phase SPWM wave symmetrical, the frequency mod- 
ulation ratio N is preferably selected to be an integral multiple of three. 
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1.2.4 Equal-Area Sampling SPWM 


By dividing a sinusoidal half-wave into N equal parts, a series of contoured rectan- 
gular pulse with an equal area is used to replace the area surrounded by the sinusoidal 
wave and the horizontal axis. The midpoint of the rectangular pulse and that of the 
sine wave coincide, so that the waveform composed of N equal-height unequal-width 
rectangular pulses is equivalent to the sinusoidal half-wave. Obviously, the width or 
switching moment of this series of pulse waveforms can be calculated mathemati- 
cally. 

Figure |.6a shows the schematic diagram of the unipolar equal-area sampling 
algorithm [5]. When the positive half-cycle of the sinusoidal signal is divided into 
N equal parts, the width of each part is 7. Assuming that the pulse height is KY the 
pulse width of the nth SPWM pulse is 4,,. Since the nth area of the sine wave is equal 
to the corresponding nth SPWM pulse area, we have 


2Vim n—-1 n 
on = cos TU cos( r) , n=l,2,..., N (1.25) 
V; N N 


Thus, the switching angles of the nth pulse are determined by 


1/2n-1 
Oonin) = 2 N we — On 


(1.26) 


1/2n-1 
Bottn) = 3 N a + 3n 


offin) 
ot 
a off(n) 


(a) Unipolar. (b) Bipolar. 


Fig. 1.6 Equal-area sampling SPWM 
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The negative half-cycle of the sinusoidal wave can also be equivalent to a series 
of rectangular pulses in the same way. 

When the bipolar equal-area sampling algorithm is used, similar to the unipolar 
equal-area sampling algorithm, the sinusoidal half-cycle wave is divided into N equal 
parts, and the area of the nth part is equal to the area sum of rectangular pulses, as 
shown in Fig. 1.6b. 

The width of the positive and negative pulses are determined by 


TU Urn n—-1 n 
on = + cos 8 cos( r) », n=1l,2,..., N (1.27) 
2N U,y N N 


, 14 Urn n—1 n 
6, = cos TU cos( x) », n=1l,2,..., N (1.28) 
4N- 2U, N N 


Then, the switching angles of the nth pulse are determined by 


Gon(n) = <n + 5, 
4 . (1.29) 
Bottin) = rid — bn 


1.2.5 Selective Harmonic Elimination PWM 


Selective harmonic elimination PWM (SHEPWM) method has been received atten- 
tion since its introduction in 1973 [6]. SHEPWM method, also known as the opti- 
mized PWM method, is designed to optimize a specific objective function, such as 
minimum loss, reduced current ripple, or selectively elimination of certain harmon- 
ics. Therefore, it is an effective way to achieve high-quality output to meet some 
application standards and improve overall operation performance. 

The basic idea of SHEPWM method is to obtain the Fourier series expansion on 
the specific pulse waveforms by Fourier series analysis, and then set certain specific 
lower harmonics to zero to obtain a nonlinear equation group reflecting the pulse 
phase angles. Therefore, the switching angles of the pulse are determined by the 
solution of the equations, and the generated pulses will not contain the specific lower 
harmonics. 

In order to reduce harmonics and facilitate analysis, the SHEPWM waveform is 
always set to be symmetrical. Let it be the a half-wave odd symmetry, and then 
make it 5 even symmetrical. The common unipolar SHEPWM waveform is shown 
in Fig. 1.7, where M is the number of switching angles in [0, z. 

By using the Fourier series to express the SHEPWM waveform of Fig. 1.7, the 
harmonic expression of the unipolar SHEPWM method is as follows: 
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AVG | 

de : 

y= in d (—1)! cos(ka;) (1.30) 
where V; is the amplitude of the kth harmonic, k = 1,3,5, ..., 2M —1. 


According to Eq. (1.30), it is possible to calculate all switching angles to satisfy 
withO < aj <a. <---<dy < oe in order to obtain a predetermined fundamental 
voltage V, and make the specific high harmonics equal to zero. 

For the three-phase inverter, the phases of the switching angles in Fig. 1.7 only 
need to be shifted by 2 and a respectively, to form the other two phase angles. 

Compared with the natural sampling SPWM method, SHEPWM method has the 
following advantages: 


(1) The switching frequency of the power device decreases, and thus the switching 
loss could be reduced. 

(2) When the number of switching times is equal, the quality of the output voltage 
and current is higher, which reduces the requirements on the input and output 
filters. 

(3) Through overmodulation, the maximum amplitude of the fundamental voltage 
can reach 1.15 times of the DC side voltage. 

(4) Since the low-order harmonics have been eliminated, the current ripple is greatly 
reduced, and the performance of the inverter is improved. 


The biggest obstacle to the application of SHEPWM method is the difficulty in 
solving the harmonic elimination model. Since the harmonic elimination model is 
a nonlinear and transcendental equation group, it is usually solved by the Newton 
iteration method. However, the Newton iteration method has the property of local 
convergence. It is necessary to find the initial value close to the exact value first, 
otherwise, the iteration will not converge. Therefore, the Newton iteration method is 


- Vac 


Fig. 1.7 Unipolar SHEPWM 


1.2. SPWM Methods 13 


difficult and time-consuming to solve, which is not conducive to online calculation 
and real-time control. 

In addition, SHEPWM method does not eliminate or reduce the total harmonic 
energy, but only changes the composition of each harmonic. Since the low harmon- 
ics are not easy to be eliminated by the filter and have a stronger impact on the 
electromechanical equipment and external circuits compared with the higher ones, 
the SHEPWM method only minimizes the low-order harmonics. Therefore, the total 
harmonic energy is mainly composed of higher harmonics, which are easily filtered. 


1.3 SVPWM Method 


1.3.1 Principle of SVPWM 


Space vector PWM (SVPWM) was proposed in the mid-1980s, which aims to 
produce a circular path of the motor flux linkage, and was first applied to the 
drive control of asynchronous motors [7]. The principle of SVPWM is shown in 


Fig. 1.8, in which Vs, Vs2, Vs3, Vsa, Vss and V6 are six nonzero basic voltage 
space vectors of a half-bridge three-phase inverter and constitute six sectors. U;e¢ is 
the required output reference voltage synthesis space vector, the relationship among 
the space vectors in a switching cycle is i Vrepdt = i vadt + i v,dt, where 
Ua, Vp © {V51, Vs2, Vs3, Vsa, Vss, Vso}. By using two adjacent voltage space vectors 
to synthesize the required reference output voltage, the harmonics of the three-phase 
output line voltage of the inverter vah, Upc aNd Uca are the smallest and closer to the 
sinusoidal waveform, when the resultant voltage space vector trajectory approaches 
the circle. 

In order to reduce harmonics, the zero voltage space vectors Vo and Ve are 
generally inserted uniformly in the SVPWM, but it will increase the number of 
switching. In addition, since the zero vector duration required at higher frequencies 
is shorter, the effect of uniformly inserting the zero vectors to reduce the harmonics 
is not significant, and the harmonics may increase when the dead zone effect is 
considered. 


1.3.2 Relationships Between SPWM and SVPWM 


From an implementation point of view, SVPWM and SPWM are very different. 
SVPWM does not need modulation wave, therefore, it is often regarded as a spe- 
cial PWM. However, both SVPWM and PWM are designed to produce sinusoidal 
waveforms, there should be an inevitable connection essentially. In fact, SPWM 
is proposed based on the time-domain area equivalent principle, while SVPWM is 
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(b) Basic voltage space vectors and sector distribution. 


Fig. 1.8 SVPWM principle for the three-phase inverter 


based on the equivalent principle of space-rotation voltage vector. For SPWM, the 
denser the equivalent time-domain area is, the smaller the harmonic is, which is 
closer to the sinusoidal wave. For SVPWM, there are many ways to synthesize the 
voltage vectors in each sector, depending on the duration of each elementary voltage 
vector that constitutes the resultant voltage vector. Thus, the constituent modes of 
SVPWM are more abundant, SPWM may be one of the SVPWM components. For 
example, regular sampling SPWM can be considered to be the basic SVPWM with 
the added zero-space voltage vectors. As another example, by changing the SPWM 
modulation signal, the output voltage of the SPWM can be the same as that of the 
SVPWM. Furthermore, SVPWM can be regarded as an SPWM with the smallest 
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harmonic objective function. However, these studies are based on the equivalent out- 
put performance to judge the relationship between SPWM and SVPWM, while there 
lacks a strict proof mathematically. The relationship between SVPWM and SPWM 
is still under discussion. 

At present, compared with SPWM, SVPWM has the following obvious advan- 
tages: (1) The utilization ratio of DC voltage can be increased by 15%; (2) The 
number of switching can be reduced by 1/3; (3) Better harmonic suppression effect 
can be achieved; (4) Digital control is easy to be implemented. However, the con- 
ventional SVPWM method needs complex trigonometric functions and coordinate 
rotation operations, and the complex algorithm has a great impact on high precision 
real-time control. 


1.4 Proposition of m-Mode SVPWM 


1.4.1 Multi-solution Problem of SPWM 


As described in Sect. 1.1, the mathematical basis of SPWM is the Fourier series 
analysis. However, the Fourier series analysis method has only frequency domain 
resolution, but no time-domain resolution. Figure 1.9 shows two completely different 
time-domain signals, but their frequency spectrums are almost the same. That is, the 
frequency domain expression and time-domain expression of the signal are not one- 
to-one correspondence, and the same frequency domain expression has multiple 
solutions in the time domain. Therefore, under the same harmonic requirements, the 
output voltage of the inverter may have different SPWM waveforms, which makes 
the SPWM not achieve the intended purpose in practical applications. 

For example, in SHEPWM, when calculating the time-domain switching angle 
of a waveform according to the Fourier series expansion, there are two solutions for 
each switching angle. Two kinds of SHEPWM waveforms are shown in Fig. 1.10a 
and b, respectively. As a result, the inverter could output a waveform with the first 
set of switching angle solutions in the positive half-cycle, while output a waveform 
with the second set of switching angle solutions in the negative half-cycle, as shown 
in Fig. 1.10c, the asymmetry of the waveform will increase the harmonics. 


1.4.2 Computing Complex Problem of SVPWM 


The biggest difficulty of SVPWM lies in the computational complexity, which is con- 
centrated in the difficulty of judging the sector in which the reference voltage space 
vector is located, and thus it is difficult to obtain the switching control states of the 
converter required for the vector synthesis operation. The complexity of computation 
increases dramatically as the number of output levels increases. For example, for a 
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Fig. 1.9 Spectrum distribution of different signals 
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two-level three-phase inverter, there are 8 basic space voltage vectors and 6 sectors; 
for a three-level three-phase inverter, there are 27 basic space voltage vectors and 
24 sectors. In order to determine the sector in which the reference voltage synthesis 
vector is located, a large number of inverse trigonometric functions, square roots, 
and trigonometric functions are required. Thus, the accuracy and speed of the cal- 
culation are difficult to guarantee, and it must be implemented by hardware circuits. 
However, when the number of voltage levels is more than 3, it is difficult to perform 
real-time control of the SVPWM even using a high-performance hardware system. 
Therefore, simplifying the calculation of SVPWM has become the main research 


issue at present. 
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(a) Output voltage with the first set of switching angle solutions. 
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(b) Output voltage with the second set of switching angle solutions. 
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(c) Output voltage with both sets of switching angle solutions. 


Fig. 1.10 Different SHEPWM waveforms of a single-phase inverter 
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Fig. 1.11 Description of the 
switched linear system 
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1.4.3 Ideal of m-Mode SVPWM 


In view of the fact that there is no one-to-one correspondence between time domain 
and frequency domain of the SPWM signal, wavelet modulation (WM) method based 
on wavelet analysis theory [8—10] was proposed in 2007 and has applied to different 
kinds of inverters. Since wavelet analysis is a localized time-frequency analysis 
method, it solves the key problem of time-frequency unification compared with the 
Fourier analysis of the overall signal. In addition, WM can also minimize the PWM 
transient harmonics. However, the amount of calculation of WM is larger than that 
of SVPWM, and it is difficult to realize real-time modulation. Therefore, although 
the calculation of SVPWM is very complicated, SVPWM is more widely used in 
inverters and other types of converters because its overall performance is better than 
SPWM. 

In order to solve the computational complexity of SVPWM, many simplified 
algorithms have been proposed successively. However, these algorithms are only 
used to improve the calculation of inverse trigonometric functions, square roots, and 
trigonometric functions, which substantially do not improve computational efficiency 
and are not general. 

Obviously, if the number of basic voltage space vectors or the number of sectors 
can be reduced, it is possible to solve the computational difficulty of SVPWM, but 
the premise is that the inverter can still output the required voltage waveform. Since 
the power electronic converter is a typical switched linear system, the switched linear 
system theory provides the possibility to simplify the calculation of SVPWM. As 
shown in Fig. 1.11, each operating mode of the half-bridge three-phase inverter 
can be regarded as a subsystem which outputs a basic voltage space vector, and n 
subsystems represent for n basic voltage space vectors. According to the SVPWM 
switching law, the subsystems are controlled to be switched on or off, and then the 
converter can output the required voltage or current waveform. 

Based on the switched linear system theory [11, 12], not all subsystems need to 
participate in the operation to achieve the expected control effect, as long as the 
state controllability conditions are met [13, 14]. That is, only m (m < n) operating 
modes are needed. In other words, the SVPWM of power electronic converter can be 
implemented with only a minimum of m basic voltage space vectors. Obviously, when 
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m <n, the voltage space vector of SVPWM has been reduced, as well as the number 
of sectors, so that the amount of calculation of SVPWM has been reduced. The 
reduction in the number of sectors reduces the switching number of operation modes 
or subsystems, which in turn reduces the number of switching and the switching 
loss, and improves the efficiency of the power electronic converter. Therefore, this 
monograph proposes the m-mode SVPWM based on the controllability theory of 
switched linear systems. 


1.5 Arrangement of This Book 


According to the theory of switched linear systems, this monograph puts forward 
the state controllability criterion of power electronic converters. The state controlla- 
bility analysis of two-level three-phase inverter, nine-switch three-phase dual-output 
inverter, five-phase three-phase dual-output inverter, three-level three-phase inverter, 
modular multilevel three-phase inverter, and the PWM rectifier will be carried out, 
the corresponding m-mode SVPWM method will be proposed and verified by the 
simulation and experimental results. The book is divided into nine chapters, the 
content is arranged as follows. 

This chapter introduces the basic content of PWM, explains the basic principle 
of SPWM and SVPWM, and proposes the basic idea of m-mode SVPWM based on 
the discussion of the existed problems of SPWM and SVPWM. 

Chapter 2 introduces the basic concept of the switched linear system, focuses 
on the state controllability theory of switched linear system, and then proposes the 
m-mode state controllability criterion and the m-mode SVPWM mechanism. 

Chapter 3 establishes the switched linear system model of the three-phase four- 
wire inverter based on its operating principle first. Then the m-mode controllability of 
for the three-phase four-wire inverter has been analyzed, and it is proven theoretically 
that the three-phase four-wire inverter has the controllability of 3-mode. Finally, the 
3-mode SVPWM for the three-phase four-wire inverter is proposed and verified, 
which can be extended to the three-phase three-wire inverter. 

In Chap. 4, the three-phase four-wire inverter is also theoretically proven to have 
the controllability of 4-mode, and the corresponding 4-mode SVPWM is proposed. 
In addition, the similarities and differences between the 4-mode SVPWM and the 3- 
mode SVPWM are compared, then the geometric meaning of the m-mode SVPWM 
is revealed. Finally, the construction method of other kinds of m-mode SVPWM has 
been summarized for the three-phase four-wire inverter. 

Chapters 5 and 6 study the dual-output nine-switch inverter and the dual-output 
five-leg inverter, respectively. By establishing their switched linear system models, 
the m-mode controllability of the dual-output nine-switch inverter and the dual-output 
five-leg inverter have been analyzed, and it is proven that both inverters have 6-mode 
controllability in theory. Then, the 6-mode SVPWMs for the nine-switch inverter 
and the five-leg inverter are proposed and verified by experimental results. 
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Chapter 7 applies the m-mode SVPWM to multilevel inverters and takes the diode- 
clamped three-level inverter as an example. It is proven that the three-level inverter 
is 6-mode controllable. Then, different kinds of m-mode SVPWM, such as 6-mode, 
9-mode, 12-mode, and 18-mode SVPWMs, are proposed for the three-level inverter. 
By comparing the 18-mode SVPWM with the traditional SVPWM, the switching 
sequence of 18-mode SVPWM is simpler than that of traditional SVPWM, which 
reduces the calculation amount of modulation algorithm and improves the efficiency 
effectively. 

The modular multilevel converter (MMC) is suitable for high-voltage applications, 
but as the voltage level and the number of sub-modules increases, the SVPWM 
control for MMC becomes complicated. In Chap. 8, a design method to simplify the 
topology of MMC sub-module is proposed based on the principle of m-mode state 
controllability. By reducing the number of switching devices in the sub-module, the 
PWM strategy of MMC can be simplified, which provides a novel application of the 
m-mode state controllability in power converters. 

In Chap. 9, the m-mode SVPWM method is applied to the voltage-source PWM 
rectifier. By establishing the switched linear system model of the three-phase PWM 
rectifier, it is theoretically proven that the three-phase PWM rectifier has the same 
3-mode controllability as the three-phase four-wire inverter. Then, 3-mode and 
4-mode SVPWMs are proposed for the three-phase PWM rectifier and verified by 
simulations. 
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Chapter 2 M®) 
m-Mode SVPWM Principle of Power a 
Electronic Converter 


The power electronic converter achieves the required output performance by turning 
on or off the power switching components, and its operating mode can be modeled 
by the piecewise differential equation. Since the model of power electronic converter 
is consistent with that of the switched linear system, this chapter directly introduces 
the concept and definition of the state controllability of power electronic converter, 
derives the criterion of state controllability, and proposes the principle of m-mode 
SVPWM. 


2.1 Definition of State Controllability 


For a power electronic converter with n different operating modes, the general form 
of its switched linear system model can be expressed as follows [1-4]: 


X(t) = Agx(t) + Bou(t) 


(2.1) 
y(t) = Cox(t) 

where x(t) € R? is the continuous state variable of the converter, y(t) € R® is 
the output state variable of the converter, u(t) € R” is the system input, and A, € 
R?*?, B, € R°*!, andC, € R!*@ are the coefficient matrixes of the state equation. 
o € (1,2, ..., i, ..., m) is the control variable of the system, which is used to 
indicate the current operating mode. Only one operating mode is active at any time, 
that is, if o = i, then the converter is operating at the ith mode. Thus, o can be 
described by the following switching sequence: 


o(t) = (x(t), y(t), z(t), 07) (2.2) 


where o~ is the operating mode at the last moment, z(t) is the external signal of the 
converter, such as the carrier signal, the given reference signal, etc. Equation (2.2) 
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Fig. 2.1 Diagram of state x(t) 
controllability 


can also be referred to as the control strategy or switching sequence of the converter. 
According to the current state variables, the output variables and the parameters of the 
converter model, the switching control signal can be generated by a specific algorithm 
to control each operating mode of the converter to work alternately. Obviously, 
Eqs. (2.1) and (2.2) can clearly reflect the operating law of the converter, that is, 
according to the initial state of the system, the current operating mode o is determined 
by Eq. (2.2), then the state variable x(t) and output variable y(t) can be calculated by 
Eq. (2.1), and then the operating mode of the next moment is determined according to 
Eq. (2.2). In this way, the power electronic converter can be switched and controlled 
according to the control requirements to obtain the required voltage and current 
output. 

For the switched linear system in Eq. (2.1), if the state variables x(t) and y(t) 
can be controlled by the input u(t) and the switching sequence o, then this system is 
considered to be state controllable. Therefore, the state controllability can be defined 
based on the switched linear system model of the converter, 


Definition 2.1 (State controllability of the converter) [2, 3, 5] For a switched linear 
system model as shown in Eq. (2.1), given a nonzero initial state xo, if there is an input 
u(t) and a switching sequence o,, the system state can be transferred from x(t) = xo 
to x (ts) = 0 ina finite time t € [fo, t], then system state x is said to be controllable 
at time fo. 

The state controllability of the switched linear system can be divided into incom- 
plete controllability and complete controllability, which can be explained by Fig. 2.1. 
For a point a on the state plane, if there is a specific input u(t) and a corresponding 
switching sequence o which can transfer the system state from point a to point b 
(or the coordinate origin), then this state is said to be incompletely controllable. If 
there is a corresponding switching sequence regardless of the position of point a in 
the state plane, point a can be transferred to the coordinate origin, then the system is 
considered to be completely controllable. Thus, the complete controllability of the 
system state means that the trajectory of system state variable can cover the whole 
state plane, that is, the whole plane (ft, x(t)) shown in Fig. 2.1. 


2.2 Criterion of State Controllability 25 


2.2 Criterion of State Controllability 


The existing converter analysis method is used to study whether the converter 
switched linear system model is incompletely controllable or completely control- 
lable, which can be expressed by the following iterative equations according to 
Eq. (2.1). 


x(t) = edie pAk-thi- pee eAihi ths eA 


X0 
hy 
+ ehehe pArilit.., Athi... pArhe / e411—9 B u(t)dt 
0 
hyt+hz+---+hp_| 
eee te ebil eAidithot thei) Bs y(t)dt 
hytho+--+hy_2 
hy +hg+---+hy 
rf / eAi(hitiat-+he—D Bi y(t)dt (2.3) 
hyt+hz+---+hp_| 


where h; is the duration of the corresponding operating mode of the converter when 
o =i. According to Definition 2.1, if Eq. (2.3) is controllable, then there is x (#) = 0 
att =t= > hj. 

However, in general, the duration h; of the operating mode is a function of system 
state variables, output variables, and control strategy, which is difficult to be deter- 
mined. Therefore, it is impossible to judge the controllability of the converter by the 
direct calculation of Eq. (2.3). In particular, when it is required to verify whether the 
converter is completely state controllable, it is necessary to calculate the controlla- 
bility of all states on the whole state plane. Obviously, it is impractical to calculate 
and analyze the controllability of the converter at each state point, so it is necessary 
to establish the controllability criterion of the converter according to the theory of 
the switched linear system. 


Criterion 2.1 (Controllability criterion of the converter) [2, 6] For the converter 
shown in Eq. (2.1), the following linear subspace sequences are defined: 


Wi = 5 (Ac|Bo), Wo =) (AclWi), «25 Wn => (AclWn-1) (2.4) 
o=1 o=1 o=1 
where (A,|B,) = >> ADT B,, (Ac |W 1) -_ y AL Wi; we, (Ag|Wr-1) = 


i=1 i=l 
n 


» At Wi 


i=1 
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According to the definition of state controllability, if the system state shown in 
Eq. (2.1) is completely controllable, then the rank of the matrix W,, is equal to the 
number of converter state variables p, that is, 


rank[W,,] = p (2.5) 


Equation (2.5) shows that it is possible to determine whether the converter is state 
controllable by the coefficient matrix of the switched linear system model of Eq. (2.1) 
without calculating Eq. (2.3). 


However, Eqs. (2.4) and (2.5) have a large amount of calculation and are only 
used when the number of operating modes of the converter is small. According to 
the switched linear system theory [1], calculating Eq. (2.5) is equivalent to calculating 
the rank of the following matrix: 


rank[Bj, wees B,, A, By, eae A,B, ares A,B,, rity A,B, 

AG Bi, cise AyAi Bay 36h AA Bee cosy BAB cic 

A Dig suey ApAy  B iay AB ie AL BSP: OH) 
Equation (2.6) is a matrix of p x p, dimensions, where p, = ao), For the 


convenience of calculation, Eq. (2.6) can be rewritten as 


rank, Ai An... An | = 27) 
where B = [B;, Bo, ..., Bi] is a p x n-dimensional matrix, 
A = [AB AaB, ae A,B | is a p xX n?-dimensional matrix, 
A> = [Avda Ava, seas Andi | is a p xX n>-dimensional matrix, 
Ag = [Aid A>Ap, suites And | is a p xX n‘-dimensional matrix, ..., and 
Aes i= [Ard ds AvAn Wi vane Andy-a| is a p x n"-dimensional matrix. 

Therefore, the ranks of B, Ai, As, As, ee Ay. can be calculated successively. 


Once the above calculation result is equal to the number of converter state variables 
Pp, it can be known that the converter is state controllable, there is no need to calculate 
the rank of Eq. (2.7). 
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2.3 m-Mode Controllability 


Based on the system control principle, for any control system, if there are p state 
variables, only p control inputs are needed to achieve state control in theory. For 
a converter with control variable o € (1,2, ..., i, ..., m), that is, n operating 
modes among o can be used as a control variable alone, a combination of multiple 
operating modes can be used as a control variable as well. Obviously, the number of 
possible control variables is greater than p, that is, the number of control variables 
is greater than the number of state variables, and there is redundancy. Therefore, 
selecting m (m <n) operating modes from o, if the number of combined variables 
of m operating modes is equal to the number of converter state variables p, then 
the converter control conditions will be satisfied without all operating modes to 


i= 


soe . . . . m m 
participate in the operation. Since m operating modes correspond to )~"_, ( ; ) 
control variables, if the following equation is established: 


m 


ie) > p (2.8) 


i=1 


then the m operating modes may achieve state controllability of the converter. Accord- 
ing to Eq. (2.8), the definition and criterion of m-mode controllability of the converter 
are proposed. 


Definition 2.2 (m-mode controllability of the converter) [3] For a converter shown 
in Eq. (2.1), which has p state variables and n operating modes, given a nonzero 
initial state xo, the converter state xg is said to be m-mode controllable at time fo, 
if there is an input u(t) and a control variable combined by m (m < n) operating 
modes, such that the converter can be transferred from x(t) = xo to x(t) = O within 
a finite time t € [fo, ft]. 


Criterion 2.2 (m-mode controllability criterion of the converter) [3, 6] For a con- 
verter shown in Eq. (2.1), the following linear subspace sequences are defined: 


m m m 


Wi = >0 (Ag|Bor), We= 0 (Aa |W)... Wh = D2 (Ao Wi4) (2.9) 
o'=1 o'=1 o’=1 
where (Ag/lBy) = SAs'By, (Ag |Wi) = ASW ..., (Aor|Wi 1) = 
i=l i=l 
3 Ay W,,_;- Ao and B,- are the coefficient matrices of the m operating modes of 


i=] 
the original A, and B,, and are reordered under the switching operation sequence 
o’ € (1,2, ..., m). 


If the rank of the matrix W’ 


m 18 equal to the number of the converter state variables 
Pp, that is 
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rank{W,,] = p (2.10) 


Then the converter shown in Eq. (2.1) is m-mode controllable. 

The definition of Eq. (2.9) and the criterion of Eq. (2.10) determine the basic 
characteristic of m-mode controllability. The m-mode controllability actually proves 
that the converter has the controllable characteristic with the least operating modes. 
It also shows that the state controllability of the converter can be realized by a 
combination of different operating modes, as a result, there will be multiple types of 
m-mode controllability. 

Similar to Eq. (2.6), the rank of the matrix W’ 


m can be equivalently calculated by 


/ / / / / / / / / / 
TAD Bia: suk piggy Ay oeg, Ay lts ota A Bae weep Ay Beni 
'2 pl 1 Al pl 2 1 al pl 
APB Saal AID out AP Bags aiteng AMM 5 ecu 
APB play AAP OB) pies AAPOR occ ARB, | Sp 
(2.11) 
Equation (2.11) is a p X Pm-dimensional matrix, where py = monn) . Equa- 
tion (2.11) is rewritten as 
ators aap 
rank| BA), Ay, a An =p (2.12) 
etl 
where B = [Bj,Bj,..., Bi] is a p x m-dimensional matrix, 
Pm aol asl Sexil 
A, = [AB AGB aed A, | is a p x m?-dimensional matrix, 
Pe vl ait al 
A, = A\A,, ASA), ---, AA] is a p x m?-dimensional matrix, 
act zal eal me 
A, = [Ais Asda, leas Avda] is a p x m‘-dimensional matrix, ---, and 
7 all ad _! 
A,1= [Aida AA y—95 +--+ Al, Am— | iS a p x m™-dimensional matrix. 


Similar to the calculation method of Eq. (2.7), the ranks’ of 


Po eed eee al 

B,A,,A,,A3, ..-, A,,—, are successively calculated. Once the above cal- 
culation result is equal to the number of converter state variables p, it is concluded 
that the converter is m-mode controllable. 


2.4 m-Mode SVPWM 


The purpose of SVPWM is to make a three-phase inverter output a three-phase 
symmetrical sinusoidal voltage. Therefore, according to the principle of SVPWM, 
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the trajectory of the synthesis voltage space vector formed by the basic voltage 
space vectors of the three-phase inverter should be circular. Since the existed voltage 
space vectors of three-phase inverter are all synthesized by using all basic voltage 
vectors, that is, all the operating modes of the three-phase inverter are involved in the 
operation. Consequently, the more complicated the three-phase inverter topology is, 
the more the number of output level is, and the number of operating modes, as well 
as the computational complexity of SVPWM, increases exponentially. The m-mode 
controllability of the converter indicates that the inverter can be state controllable 
without all operating modes participating in the operation. Therefore, the SVPWM 
technology of the inverter can be realized based on the m-mode controllability. 


Theorem 2.1 (m-mode SVPWM theorem of three-phase inverter) [3] For a three- 
Phase inverter with n operating modes, only m (m < n) operating modes are needed 
to realize inverter state control, then the synthesis voltage space vector can be formed 
to realize SVPWM by m basic voltage space vectors corresponding to m operating 
modes. 


The m-mode SVPWM theorem of three-phase inverter shows that SVPWM has 
multiple implementation methods, and there is a minimum operating mode imple- 
mentation technique, that is, SVPWM can be implemented by a minimum number 
of basic voltage space vectors. SVPWM has a corresponding relationship with the 
state controllability of the inverter, the state controllability of the inverter is the basis 
of SVPWM, which reveals the essence of SVPWM. 

Theorem 2.1 is proposed for three-phase inverters, but is also applicable to three- 
phase AC—DC and AC-AC converters using SVPWM. In addition, the m-mode 
SVPWM of three-phase inverter can realize redundant modulation. If some of the 
operating modes cannot participate in operation due to the fault, then m-mode 
SVPWM can still be realized by using other available operating modes, as long 
as the number of remaining operating modes are still greater than or equal to m, and 
meets with the m-mode controllability conditions. 


2.5 Summary 


Based on the switched linear system model and switched linear system theory, the 
definition of converter state controllability for power electronic converter has been 
proposed in this chapter, and the criterion of converter state controllability has been 
established, which is the system can achieve state controllability only if the number of 
state variables is equal to the number of control variables. Furthermore, the definition 
of m-mode controllability for the power electronic converter has been proposed and 
the criterion of m-mode controllability has been established, because in the general 
situation, the number of control variables is greater than that of the state variables 
and the number of control variables is redundant. Finally, the m-mode SVPWM 
principle of the three-phase inverter has been proposed, which is not only suitable 
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for the three-phase inverters, but also for three-phase AC—DC and AC—AC converters 
using SVPWM. 
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Chapter 3 M®) 
3-Mode SVPWM for Three-Phase ectias 
Four-Wire Inverter 


Three-phase four-wire inverter is one of the most common two-level inverters and is 
a representative in the inverters. In this chapter, according to the operation principle 
of the three-phase four-wire inverter, the switched linear system model of the three- 
phase four-wire inverter is established, and the condition of m-mode controllability 
is given by using the state controllability criterion of the inverter. It is concluded that 
three modes are the minimum operating modes to realize state controllability. The 
theoretical analysis, simulation, and experiment of 3-mode SVPWM are carried out. 


3.1 Operating Principle of Three-Phase Four- Wire Inverter 


The topology of the three-phase four-wire inverter is shown in Fig. 3.1. It can be seen 
that the three-phase four-wire inverter consists of three bridge arms and six power 
switches, and the load neutral point is connected with the DC side neutral point. 
Since each bridge arm of the three-phase four-wire inverter has two switching 
states, there are eight operating modes for the inverter, which form eight basic voltage 


space vectors Vs51, Vs2, Vs3,Vsa, Vss, Vso, Vs7, and Vis where Ve and Va are 
the zero voltage space vectors. For the sake of simplicity, the operating mode is 
represented by the binary combination of the upper switch of each bridge arm, in 
which | for ON and 0 for OFF. Therefore, the switching state of the three-phase four- 
wire inverter, the corresponding voltage space vector and its binary representation 
are listed in Table 3.1. 

The equivalent circuits of the eight operating modes are shown in Fig. 3.2. Six 


nonzero voltage space vectors V51, Vs2, Vs3, Vsa, Vss, and Vs6 are uniformly sym- 
metrically distributed on the complex plane, and divide the complex plane into six 
sectors I-VI, as shown in Fig. 3.3. 

Any output voltage of the inverter can be synthesized by eight space voltage 


vectors. For example, if the desired voltage space vector Vref locates in sector I, it 
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Fig. 3.1 Three-phase four-wire inverter 


Table 3.1 Switching state, voltage space vector and binary representation of the three-phase four- 
wire inverter 


Mode VT VT3 VTs VT 4 VT6 VT2 Vector Binary representation 
1 ON OFF OFF OFF ON ON Via 100 
2 ON ON OFF OFF OFF ON Vy % 110 
3 OFF ON OFF ON OFF ON Vs 5 010 
4 OFF ON ON ON OFF OFF Vs. 4 Ol 
> OFF OFF ON ON ON OFF Vs . 001 
6 ON OFF ON OFF ON OFF Vs6 101 
7 OFF OFF OFF ON ON ON Vz E 000 
8 ON ON ON OFF OFF OFF Vs ; 111 


can be composed of V 51, Vs2, Vs7, and Vs, according to the superposition principle 
of space vector [1, 2]. That is, 


Viel; = Tavs + Ta Veo (3.1) 


where 7, is the switching period; T,; and 7,2 are the duration time of Va and V x 
respectively. Then, 


Vier Sin( = — 0 3 Ve 
aes G ep _¥3 “cos (6 + =)r, (3.2) 
Vers sin F Vac 6 
in(@ 
bes Viet aunt dr = V3 Viet cos(= = 6) i (3.3) 
Vom Sin z Vie 2 
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(c) Operating mode 3. 


Fig. 3.2. Equivalent circuits of the three-phase four-line inverter 
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(f) Operating mode 6. 


Fig. 3.2. (continued) 
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(h) Operating mode 8 


Fig. 3.2 (continued) 


Fig. 3.3 Distribution of V3 (010) Veo (110) 
basic voltage space vectors 


V4 OLD Vs (100) 


V.s (001) Vig (LOD) 
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Table 3.2 Voltage space vector and its duration time of the three-phase four-wire inverter 


Sector Space vector Duration time 
Vai. Vs2 Ty = Bet cos(9 + Z)T., Tra = YB cos — F)T 
(0<0<%) ; : 
Il Vs, V33 T.2 sla cos(6 Z)Ts, T3 = 1 iV cos(@ 2 )r, 
7 2: “ . 
(pS02) 
m1 Vs3, V4 Try = “Bet cos(O — E)T,, Toa = YEE cos(o — #7, 
(<6 <7) 
Iv Vea, Vs Tyg = est cos(6 — SE) T,, Ths = PLet cos(# — 3) T, 
(x <<) : : 
Vv V5, Vs6 Ths = tat cos(9 — FZ)T,, Tys = “Ut cos(a — LE)T, 
& <0< % a 
Vl Vie, Wat Tas = “st cos(@ — 3E)Ts, Ter = “YER! cos(0 — E)T, 
(= <0< 2m) 


where Vye¢ is the amplitude of Vice Vem 1s the amplitude of the nonzero basic voltage 
space vector, and Ven = = Vaes 0 = at is the angle between V;e¢ and Vs;, and w is 


the rotation angle frequency of Va, that is the angular frequency of the sinusoidal 
output voltage of the inverter. 

In general, the sum of two duration time of the nonzero basic voltage space vectors 
cannot exceed one switching period, which means that 7;; + Ts. < T;, then we have 


Ty1 alr Tyo V3 V re a us 
Tr, ars cos(0 _ =) <1de (0, =) (3.4) 


The remaining operating time in one switching cycle (T; — Ts; — Ts2) is taken by 
the combination of zero voltage space vectors Vu and Va In addition, the maximum 


amplitude of Viet can be derived from Eq. (3.4), that is 


Viet = a Mac (3.5) 


Therefore, the maximum line-to-line voltage amplitude of SVPWM is 
Vap = V3Veer = Vac (3.6) 


Table 3.2 lists the expressions of space voltage vectors and their corresponding 
duration time in each sector, which are used to generate any required space vector 


Viet : 
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3.2 Switched Linear System Model 


The state variable is selected as x = [ig, ip, ic, Va, Ups vel", where ig, ip, ic are the 
inductor currents of three-phase outputs, vy, vp, Ve are the capacitor voltages of the 
three-phase outputs. According to Fig. 3.1, the state equations of the inductor currents 
are listed as follows. 


dig : 
Ts = Vao — rla — Va 
di 
a er ee 3.7) 
dt 
di, 
er = Veo — Fle — Ve 


Similarly, the state equations of the capacitor voltages are given by 


d 
6 =i,-2 
dt R 
du, . —w& 
peel ene 3.8 
dt R ee) 
due. Ue 
= le = = 
dt R 


Vao» Ubo aNd Veo in Eq. (3.7) are the voltages to the neutral point of the DC voltage 
source under different operating modes of the inverter, which are summarized in 
Table 3.3. 


According to Eqs. (3.7) and (3.8), the switched linear system model similar to 


Eq. (2.1) with a switching variable o € (1,2,...,i,...,m) can be obtained as 
follows. 
r 1 
-, 09 0 -; O 0 
0-50 0 -; 0 
00-5 0 0 -+ 
Aj =---=Ag= i L i L (3.9) 
ec 0 0 -ge O 0 
0 40 0 -% 0 
1 1 
OF Oe ee. 60 Osa 
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R= |S =1 O00) (3.10) 
Bo([t 2 =) 000] (3.11) 
By =[-+ + - 000] (3.12) 
B=[-2 2 L000] (3.13) 
Bs =[-+ -2 4 000] (3.14) 
Bs=[4-¢ #000] (3.15) 
By=[+ + L000)" (3.16) 
By =[-3 ar +000] (3.17) 
000001 
C)=++=Cs=] 000010 (3.18) 
000100 


3.3. m-Mode Controllability 


According to the Controllability Criterion 2.1 for power converter, the controllabil- 
ity analysis of the three-phase four-wire inverter will be carried out in this section. 
Since the operating modes 7 and 8 represent for the zero voltage vectors, the num- 
ber of effective operating modes is 6, and the matrix corresponding to Eq. (2.6) is 
constructed as below. 


[Bsa ol Bee MeO ichaied HG Bic nnn gates untae Be: 


A{Bi,..., AeA, Bi, ..., Aj Bo, ..., AeA1 Bo, ..., 
AjBi,..., AeA{Bi,..., A1AGBo, -.., Ae Be] (3.19) 
That is, 
E ae) As] (3.20) 


According to Eqs. (3.10)—(3.15), it is obvious that B= [B,, Bo,..., Bo] is non- 


full rank, while Ay = [aiB, AoB, Pees A.B | is a matrix of 6 x 36 dimensions, and 
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it is easy to calculate its rank equal to the number of state variables of the three-phase 
four-wire inverter [3], that is 


rank A =p=6 (3.21) 


Therefore, there is no need to calculate the rank of A>, Aas Ais and Ag anymore. 
The rank of Eq. (3.20) is equal to the number of state variables of the three-phase 
four-wire inverter, it is concluded that the three-phase four-wire inverter is state- 
controllable. 

Based on the state controllability of the three-phase four-wire inverter and 
Eq. (2.8), seven control variables can be formed when the number of the operating 
mode is m = 3, which is greater than the number of state variables of the converter. 
Therefore, the minimum number of the operating modes of the three-phase four-wire 
inverter is 3. According to Criterion 2.2, the symmetric operating modes 1, 3, 5 or 
2, 4, 6 can be selected to form a new switching sequence, that is 0 € (1, 3, 5) corre- 
sponding too’ € (1, 2, 3) oro € (2, 4, 6) corresponding too’ € (1, 2, 3). According 
to Eq. (2.11), the rank of the three-phase four-wire inverter under the operating mode 
1, 3, 5 or 2, 4, 6 can be calculated as below. 


Gank | Bi; coee Bae Ay Boer GAG Bas oes AGB serge Ag By, 
2 2 
A?B..., APBS, ig AASB cbse B sie (3.22) 
AGA Bg i GAGA Baponce Ag Bi cagAg Ba | =O 


where Ai = Aj, AL = A3, AS = As, B} = Bi, BS = B3, and BS = Bs for the 
switching sequence with operating modes 1, 3,5; Ai = Az, AL = Ag, Ay = Ao, 
Bi = Bo, Bi = By, and B = Beg for the switching sequence with operating modes 
2, 4, 6. Equation (3.22) proves that the three-phase four-wire inverter is 3-mode 
controllable. 


3.4 3-Mode SVPWM Strategy 


According to the analysis results of m-mode controllability for the three-phase four- 
wire inverter, the three-phase four-wire inverter is controllable by using three oper- 
ating modes, and 3 is the minimum number of operating modes that can realize 
state-controllable. The synthesis voltage vector can be formed by three basic space 
voltage vectors corresponding to these three operating modes, and the SVPWM can 
be realized. In order to analyze the principle of the 3-mode SVPWM, the 3-mode 
SVPWM consisting of operating modes 1, 3 and 5 is called the 3-mode SVPWM I, 
and that consisting of operating modes 2, 4, and 6 is called the 3-mode SVPWM II. 
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3.4.1 3-Mode SVPWM I 


The basic voltage space vectors V;;, Vs3, Vs5 corresponding to the operating modes 
1, 3 and 5 form a complex plane as shown in Fig. 3.4, in which six sectors of 
conventional SVPWM are reduced to three sectors, that is, sectors I and II, sectors 
If and IV, sectors V and VI are combined into one new sector, respectively. In the 


3-mode SVPWM I, the required output voltage vector Viet is synthesized by Vii and 


V3, or Vs3 and V,s5, or V5 and V,;, according to the parallelogram law of vector 
superposition, and rotates in a circular path to obtain the three-phase sinusoidal output 
voltage. 


The specific synthesis process of Vix is introduced as follows. First, the sector 
in which Vee is the sector should be determined. In the stationary coordinate a — 
B, the components of Vig on the a — £ two-phase coordinate arises are Vis and 
V reff respectively. Then, the sector in which Vy belongs to is determined by 

N = sign(Vierg) + 2 x sign (Veta sin - — Vierg sin = 


_ on 
+ Vrerg sin =) (3.23) 


: . 0 
—4~x sign (Veta sin — 6 


3 
where Viefy and V;erg are the magnitudes of V rete and Vicks respectively. 

When N= 1 or 3, Ve locates in sector I or IJ and can be synthesized by Va and 
Va. as shown in Fig. 3.5a. When N= 4 or 5, Ves locates in sector III or IV and can 
be synthesized by Ve and Vs55 as shown in Fig. 3.5b. When N= 2 or 6, Vig locates 


in sector V or VI and can be synthesized by V5 and Vaz as shown in Fig. 3.5c. 


Fig. 3.4 Voltage vector 
distribution of 3-mode 
SVPWM I 


3.4 3-Mode SVPWM Strategy 41 


Vis 


(a) Sector I, I (b) Sector HI, IV (c) Sector V, VI 


Fig. 3.5 Voltage vector construction of 3-mode SVPWM I 


when V ce locates in sectors I and II, the relationship among Vets vy. ; and Va 
satisfies with the following equation: 


Viet Ts = Vs51Ts1 + V3 Ts3 (3.24) 


where Ver, V5; and V,3 are the magnitudes of Vie Vs1 and Vax, respectively; T,, 


T;1, T53 are the duration of the switching cycle, Va and Va. respectively. 
According to Fig. 3.5a, Eq. (3.24) can be rewritten to 


2 2 2m 
Vreta T, = Veet ns @ T,; = = Vac oi Ts1 + = Vac — fe Ts3 
Viet Bp sin 0 3 sin O 3 sin > 
2 1 2 —5 
= 3 Vac 0 Ts + 3 Vac V3 T53 (3.25) 
2 


where @ is the angle between Veet and the a-axis. 


Based on Eq. (3.25), the duration times of Vv. ; and Ve can be determined by 


1 (3 V3 
Ty = Vref + Vee T, 3.26 
1=¥, E f 5 0) (3.26) 
Vverp 
Ra (3.27) 
Vac 


Considering the zero voltage space vector V 57, then we have 


Ty7 = T; — Ty) — Ts3 (3.28) 
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Similarly, when Vick locates in sectors III and IV, and is synthesized by Va and 


Vix the duration times of Vas Vx and Vo are given by 


1 [3 V3 
T3 = Vref Vee T, 3.29 
B= Vy. (; fa + 0] (3.29) 

1 [3 V3 
T; = Vie ‘a Vee T; 3.30 
5 Va (; fa + — 0] (3.30) 
Ty7 = T; — Ty3 — Ts (3.31) 


When Vee is located in sectors V and VI, and is synthesized by Ves and Vets the 


duration times of Vs, Vu and Vs are given by 


1 (3 V3 
Ts5 = Veta Vee T; 3.32 
ak (; fe 5) 0] (3.32) 
Vietp 
Ta = V3 T, (3.33) 
Vac 
Ty7 = T; — Ts5 — Ty) (3.34) 


Assume that the synchronous modulation is used, that is, the modulation ratio 
keeps constant, and only one switching device is switched ON or OFF every time. 


The switching sequences of 3-mode SVPWM I are shown in Fig. 3.6. When Vie 
locates in sector I or I, it can be seen from Fig. 3.6a that the operating mode 1 


corresponding to Va starts to work at the end of the last cycle, and continues to 
work for a time of 7,); then the operating mode is switched from mode | to mode 7 


which is corresponding to the zero voltage vector V7 and lasts for a time of 7,7; next, 


the operating mode is switched to mode 3 corresponding to Vs and works for a time 
of 753, and the first cycle ends. In order to reduce the number of switching times, in the 
second cycle, the operating mode 3 continues to work for a time of 7,3, then switches 


to mode 7 corresponding to the zero voltage vector Va and works for a time of 7,7, 
finally switches to mode | and continues for a time of 7,,. Then the second cycle 


ends. Similarly, when Ve locates in sector III or IV, the corresponding switching 
sequence is shown in Fig. 3.6b. In addition, the switching sequence corresponding 


to V;e¢ that is located in sector V or VI is shown in Fig. 3.6c. 

Table 3.4 shows the switching sequence of the three-phase four-wire inverter 
according to Fig. 3.6, as well as that of the conventional SVPWM. For one sector 
in the 3-mode SVPWM I, for example in Fig. 3.6a, the upper switch V7, of phase 
a is turned on and off once within two switching cycles, the upper switch VT3 of 
phase b is turned on and off once, while the upper switch V75 of phase c is kept off. 
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Table 3.4 Switching sequences of conventional SVPWM and 3-mode SVPWM I 


Sector Conventional SVPWM Switching times 3-mode SVPWM I Switching times 

I 000-100-110-111-110-100- 12 100-000-010-000-100 4 
000-100-110-111-110-100-000 

II 000-010-110-111-110-010- 12 100-000-010-000-100 4 
000-010-110-111-110-010-000 

Il 000-010-011-111-011-010- 12 010-000-001-000-010 4 
000-010-011-111-011-010-000 

IV 000-001-011-111-011-001- 12 010-000-001-000-010 4 
000-001-011-111-011-001-000 

Vv 000-001-101-111-101-001- 12 001-000- 100-000-001 4 
000-001-101-111-101-001-000 

VI 000-100-101-111-101-100- 12 001-000- 100-000-001 4 
000-100-101-111-101-100-000 

Total 72 24 


Similarly, as shown in Fig. 3.6b, VT, is kept off, while both V73 and VTS are turned 
on and off once within two switching cycles. In Fig. 3.6c, VT3 is kept off, while both 
VT, and VT; are turned on and off once within two switching cycles. As a result, 
only four switching times are necessary in each sector when the 3-mode SVPWM 
I is used. However, the switches need to be switched 12 times in each sector when 
the conventional SVPWM is used. Therefore, the equivalent switching frequency of 
the 3-mode SVPWM | is reduced by 2/3 compared with the conventional SVPWM 
control. 

In addition, the inversion design of the switching sequence in different cycle 
is beneficial to eliminate the voltage spikes generated during the operation mode 
switching. Taking the switching sequence in sector I as an example, the switching 
sequence is 100-000-010 in the first or odd switching cycle and is reversed to 010- 
000-100 in the second or even switching cycle. This design makes the operating 
mode at the end of the previous cycle be the same as that at the beginning of the 
next cycle. That is, only one bridge arm is involved during each switching process, 
in that way the generation of voltage spikes during the commutation process will be 
reduced. 


3.4.2 3-Mode SVPWM II 


The 3-mode SVPWM II includes operating modes 2, 4, and 6, and the corresponding 


basic voltage space vectors Ves V;4, and V6 form a complex plane as shown in 
Fig. 3.7. The 3-mode SVPWM II also reduces the six sectors of conventional SVPWM 
to three sectors, in which sectors I] and III are combined into one sector, sectors IV 
and V are combined into one sector, and sectors VI and I are combined into one 
sector. 


Viet can be synthesized by Va and Va when it locates in sector II or III, by Voa 


and Ve in sector IV or V, or by Vs6 and Vie in sector VI or I. The corresponding 
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Fig. 3.7 Voltage vector 
distribution of 3-mode 
SVPWM II 


Table 3.5 Switching sequences of 3-mode SVPWM II 


Sector 3-mode SVPWM II Switching times 
I 110-111-101-111-110 4 
II 110-111-011-111-110 4 
Il 110-111-011-111-110 4 
IV O11-111-101-111-011 4 
Vv O11-111-101-111-011 4 
VI 110-111-101-111-110 4 
Total 24 


switching sequences are shown in Fig. 3.8, and the duration time of each basic voltage 
vector can be obtained by the similar way in the 3-mode SVPWM I. 

Table 3.5 lists the switching sequences of the 3-mode SVPWM II corresponding 
to Fig. 3.7 for two switching cycles. Similar to the 3-mode SVPWM I, only three 
operating modes are used, then the number of switching times are reduced. As aresult, 
the equivalent switching frequency is only one-third of the conventional SVPWM. 


3.5 Characteristic Analysis 


3.5.1 Output Voltage 


Referring to Fig. 3.1, the parameters of the three-phase four-wire inverter are set 
as follows: the filter inductor L= 4 mH, the filter capacitor C= 6.8 WE, the line 
equivalent resistor r= 0.5 Q, the carrier frequency f, = 10 kHz, the output frequency 
Jf: = 50 Hz, and the RMS value of the output line voltage is 110 V. 

Figure 3.9 shows the simulation waveforms of the output voltage under the 3-mode 
SVPWMs I and IL. Figure 3.9a and b show the phase voltage waveforms of the 3- 
mode SVPWMs [and II, respectively. It can be seen that the phase voltage waveforms 
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Fig. 3.8 Switching 


sequences of 3-mode 


SVPWM II 


(a) Sectors II and III. 


(b) Sectors IV and V. 
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of the 3-mode SVPWMs I and II are opposite, but the line voltage waveforms are 
the same. 

Figure 3.10 shows the experimental waveforms of 3-mode SVPWM I and IL. 
Comparing to the simulation waveforms in Fig. 3.9, the experimental waveforms are 
identical to the simulation ones, which demonstrate the validity and correctness of 
3-mode SVPWM. 


3.5.2 Switching Frequency 


Figure 3.11 shows the number of switching of the switching device VT, within 
one output fundamental cycle, and the results of conventional SVPWM, 3-mode 
SVPWM [and II at the same carrier frequency 10 kHz are illustrated in Fig. 3.1 1la—c, 
respectively. It is obvious from Fig. 3.11 that the switching times is 200 in the 
conventional SVPWM, but only 67 in 3-mode SVPWM. Therefore, the equivalent 
switching frequency of 3-mode SVPWM is only 1/3 of that of the conventional 
SVPWM. 


3.5.3. Harmonic Contents and Efficiency 


Figure 3.12a and b show the spectrums of the output line voltage under the conven- 
tional SVPWM and the 3-mode SVPWM at the same carrier frequency, respectively. 
It can be seen from Fig. that the high-frequency harmonics of the line voltage and 
the total harmonic distortion (THD) of the 3-mode SVPWM are slightly higher than 
those of the conventional SVPWM, but the equivalent switching frequency of the 
3-mode SVPWM is only one-third of that of the conventional SVPWM. If the carrier 
frequency of the 3-mode SVPWM is increased to 30 kHz, then the corresponding 
switching frequency is the same as that of the conventional SVPWM switching fre- 
quency, and the THD of the line voltage will be lower than that of the conventional 
SVWPM. 

The efficiency curves of the three-phase four-line inverter under the conventional 
SVPWM and the 3-mode SVPWM are given in Fig. 3.13. With the same output power 
and the same power switching devices, the 3-mode SVPWM inverter is significantly 
more efficient due to fewer switching times. 


3.5.4 Improved 3-Mode SVPWM 


There is a common problem existed in the 3-mode SVPWMs I and I, that is, the 
current flowing through the upper and lower switching devices of the same bridge 
arm is unbalanced. Taking the 3-mode SVPWM I as an example, in sectors I and 
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(c) Line voltages of 3-mode SVPWM I. 


Fig. 3.9 Simulation waveforms of the output voltages with 3-mode SVPWM 
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(b) Phase voltages of 3-mode SVPWM II. 
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(c) Line voltages of 3-mode SVPWM I. 


Fig. 3.10 Experimental waveforms of the output voltage with 3-mode SVPWM 
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(b) 3-mode SVPWM I. 
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(c) 3-mode SVPWM II. 
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(b) 3-mode SVPWM. 


Fig. 3.12 Output line voltage spectrums of different SVPWMs 


VI, the switching device VT, is kept on while V74 remains off, but in the other four 
sectors, V7, and V7, are alternately turned on and off. It is obvious that the time that 
the current flows through V7, is longer than that passing through V74. In order to 
solve the current unbalance problem, different kinds of switching devices should be 
considered in the system. For example, an IGBT with a low on-resistance is preferred 
for the switch with a small number of switching times and a long turn-on time, while 
a MOSFET with a high switching frequency is selected for the switch with a large 
number of switching times and a short turn-on time. 

In addition, a hybrid 3-mode SVPWM (or 3-mode SVPMW III) as listed in 
Table 3.6 has been designed to solve the current unbalance problem of the switching 
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Fig. 3.13 Efficiencies of conventional SVPWM and 3-mode SVPWM III 


Table 3.6 Switching sequence of hybrid 3-mode SVPWM (3-mode SVPWM III) 


Sector Switching sequence Switching times Hybrid 3-mode SVPWM 
I 100-000-010-000-100 4 3-mode SVPWM I 

II 110-111-011-111-110 4 3-mode SVPWM II 

Il 010-000-001-000-010 4 3-mode SVPWM I 

IV O11-111-101-111-011 4 3-mode SVPWM II 

Vv 001-000- 100-000-001 4 3-mode SVPWM I 

VI 110-111-101-111-110 4 3-mode SVPWM II 
Total 24 


devices. From Table 3.6, the 3-mode SVPWM III alternates the switching sequence 
of the 3-mode SVPWMs | and I] in different sectors, which can effectively balance 
the current carried by the switching devices. 

Referring to Tables 3.4 and 3.5, the hybrid 3-mode SVPWM listed in Table 3.6 
combines the switching sequences of the 3-mode SVPWMs I and II. Comparing 
with the 3-mode SVPWMs I and II, the hybrid 3-mode SVPWM or the 3-mode 
SVPWM III can not only balance the currents of the switching devices but also keep 
the switching frequency same to that of the 3-mode SVPWM I or IL. 

Figures 3.14 and 3.15 are the simulation and experimental waveforms of the 
output voltage under the 3-mode SVPWM III, respectively. Difference from the 
3-mode SVPWMs I and IL, the output phase voltage of the 3-mode SVPWM III is 
positive and negative symmetry, but the switching frequency of the 3-mode SVPWM 
III is the same as those of the 3-mode SVPWMs I and I], as shown in Fig. 3.16. 
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Fig. 3.14 Simulation waveforms of the output voltages with 3-mode SVPWM III 


3.5.5 Application on Three-Phase Three-Wire Inverter 


For the three-phase three-wire inverter, since the voltage and current of one phase 
can be derived from the other two phases, the converter has only four independent 
state variables, but there are still eight operating modes. 

According to the converter controllability Criterion 2.1, the controllability anal- 
ysis of the three-phase three-wire inverter is also carried out based on its switched 
linear system model. Corresponding to Eq. (2.6), we have 


rank[B,, Soh Bo, Ai Bi, ...,A6B,,...,A,Bo,..., Ao Be, 
A{Bi,..., AeAiBi,..., AT Bo, ..., AeAi Bo, ---, (3.35) 
AR Bi, +04 AGAT Bi, + +<5 AiAGBos.+++3 AZ Be| = 4 
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Fig. 3.15 Experimental waveforms of output voltages with 3-mode SVPWM III 
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Fig. 3.17 Simulation waveforms of the three-phase three-wire inverter with 3-mode SVPWM I 


Equation (3.35) shows that the three-phase three-wire inverter is state- 
controllable. 

Similar to the three-phase four-wire inverter, the symmetrical operating modes 1, 
3, and 5 (or 2, 4, and 6) are selected to form a new switching sequence to realize 
the 3-mode SVPWM. Figure 3.17 shows the simulation waveforms of the output 
voltage of the three-phase three-wire inverter with the 3-mode SVPWM I. It can 
be seen from Fig. 3.17 that both the phase and the line voltages of the three-phase 
three-wire inverter are sinusoidal waveforms. 

The number of switching times of the three-phase three-wire inverter with the 3- 
mode SVPWM in one fundamental cycle is provided in Fig. 3.18. Itis the same as that 
of the three-phase four-wire inverter, which indicates that the number of switching 
times does not change as the inverter connection mode changes. 
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3.6 Summary 


This chapter analyzes the m-mode controllability of the three-phase four-wire inverter 
and proves that three modes are the minimum controllable condition. Therefore, two 
kinds of 3-mode SVPWM methods have been proposed by using different group of 
basic voltage vectors. Then, the synthesis method of the voltage space vector and 
the corresponding switching sequence are analyzed systematically. Simulation and 
experimental results show that the 3-mode SVPWM actually has only three sectors, 
which is half of the conventional SVPWM, which reduces the calculation time of 
switching time. Consequently, the equivalent switching frequency of the switching 
component is reduced to 1/3, which will significantly improve the efficiency of the 
inverter. The 3-mode SVPWM can be formed in a variety of ways and is also suitable 
for the three-phase three-wire inverter. 
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Chapter 4 ®) 
4-Mode SVPWM for Three-Phase ecties 
Four-Wire Inverter 


The previous chapter introduced the m-mode controllability and the 3-mode SVPWM 
characteristics of the three-phase four-wire inverter. According to the definition of 
the m-mode controllability, the 3-mode SVPWM is only one kind of many m-mode 
SVPWMs, and is the one with the least number of modes. In order to illustrate 
the diversity and selectivity of the m-mode SVPWM, this chapter will analyze the 
characteristics of the 4-mode SVPWM. Therefore, different modes of SVPWM can 
be provided for different applications. Furthermore, the geometric meaning of the 
m-mode SVPWM will be discussed, and the possible m-mode SVPWM method for 
the three-phase four-wire inverter will be investigated. 


4.1 4-Mode Controllability 


According to the criterion of m-mode controllability, the 4-mode controllability of 
the three-phase four-wire inverter should be discussed. Considering the symmetry 
of the voltage space vectors, there are three kinds of 4-mode combination, which are 
operating modes 1, 2, 4, and 5; operating modes 2, 3, 5, and 6; or operating modes 
1, 3, 4, and 6 [1]. 

The matrix to analyze the 4-mode controllability of the three-phase four-wire 
inverter can be constructed by 


[B, Ai, Ao, A3] (4.1) 


If the operating modes 1, 2, 4, and 5 are selected, Ay = Aj, A, = Ao, A, = Aa, 


A, = As, B, = Bi, B, = Bo, B, = By, and B, = Bs, then B’ = [B', Bs, Bi, Bi] = 
[B,, Bo, Bs, Bs] is a matrix of 6 x 4 dimensions, A; = [A B, A2B, AaB, AsB] is 
of 6 x 16 dimensions, Ar = [A1 A}, A>A1, AsA1, AsA1] is of 6 x 64 dimensions, 
and Ag — [A, A>, AgAs, AiAs, AsAo] is of 6 x 256 dimensions. If the operating 
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modes 2, 3, 5, and 6 are selected, then B, = [B,. B,, B;, By] = [Bo, Bs, Bs, Bo] 
is a matrix of 6 x 4 dimensions, A; = [A,B, A3B, AsB, AoB] is of 6 x 16 
dimensions, Ao = [Aa Av, AyAi, AsAy; AeA] is of 6 x 64 dimensions, and 
As = [AgAs, Aj A>, A5A2, AgAs] is of 6 x 256 dimensions. If the operating 
modes 1, 3, 4, and 6 are selected, B = [B,, B,, B;, By] = [Bi, Bs, Ba, Bo] 
is a matrix of 6 x 4 dimensions, A; = [A;B, A3B, AyB, AoB] is of 6 x 16 
dimensions, As = (ApAgAgAs, AsAj, AcAt] is of 6 x 64 dimensions, and 


A3 = [A1 Ad, A3A2, Ag Ar, Ag Aa] is of 6 x 256 dimensions. 
By calculating the rank of the matrix in Eq. (4.1), the following equation is estab- 
lished for all three kinds of 4-mode combination. 


rank[B, A, Az, A3] = rank[Bi,---, By, A, Bi,---, A, Bi, +++, AVBi,--+, ALBA, 
APR, +4, ALAR, AA B34 AP BR, 
APBi,-++, AAP By, +++, APA, Bi, +++, AP BA] 
24 (4.2) 


It can be known from Eq. (4.2) that the three-phase four-wire inverter is 4-mode 
controllable. 

The above operating mode combination can be described by the complex plane 
of the voltage space vectors, which is shown in Fig. 4.1. In Fig. 4.1a, the operating 


modes 1, 2, 4 and 5 are represented by a complex plane of voltage vectors Va. 
Va, Via and V5; Fig. 4.1b shows the complex plane of voltage vectors Va, Vs 


Vs5 and Vs corresponding to the operating modes 2, 3, 5, and 6; Fig. 4.1c shows 


the complex planes of voltage vectors Vs1, Vs3, Vs4 and Vs6 corresponding to the 
operating modes 1, 3, 4, and 6. 


4.2 4-Mode SVPWM Strategy 


According to Theorem 2.1, the three-phase four-wire inverter is 4-mode controllable, 
which means that the 4-mode SVPWM can be implemented by using four basic 
voltage space vectors corresponding to four operating modes. The method which 


synthesizes the voltage space vector by using the basic voltage vectors Vs1, Vs2, 


Va and Ve corresponding to the operating modes 1, 2, 4, and 5 is named as the 


4-mode SVPWM I; the one using the basic voltage vectors V2, Vs3, Vss and Vs6 
corresponding to the operating modes 2, 3, 5, and 6 is named as the 4-mode SVPWM 


II; and the one using the basic voltage vectors V5, Vs53, Vs4 and Vs6 corresponding 
to the operating modes 1, 3, 4, and 6 is named as the 4-mode SVPWM III. 
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Fig. 4.1 Distribution of 4-mode voltage space vectors 


4.2.1 4-Mode SVPWM I 


As shown in Fig. 4. 1a, the voltage space vectors V51, Vs2, Vs4 and V5 corresponding 
to the operating modes 1, 2, 4, and 5 constitute the complex plane of the 4-mode 
SVPWM I, in which the conventional six sectors are reduced to four sectors. The first 
sector is in the range of 0 < 6 < 7, corresponding to sector I of the conventional 
SVPWM; the second sector is in the range of 7 < 6 < 7, corresponding to sectors II 


and III of the conventional SVPWM; the third sector is in the range of 7 <0 < z 
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corresponding to sector IV of the conventional SVPWM,;; the fourth sector is in the 
range of = < 6 < 2m, corresponding to sectors V and VI of the conventional 
SVPWM. The duration time of voltage vector in each sector can be calculated as 
following: 


(1) If the output voltage vector of the inverter Vie is located in sector I, then it is 


composed of Va and Vio. and has the following vector relationship. 


Vick = Vials + Vs0Ts2 (4.3) 


where 7;, 7;; and 752 are the switching period, the duration time of V,; and V2, 
respectively. 

Similar to Chap. 3, the static two-phase coordinate a-f is still used to analyze the 
construction process of voltage space vector in each sector. That is 


2 2 a 
Rae = Vaal Og | = Va Oe [Fa + Va O° 5 lee 
Viet B sin @ sin sin 


= yd lr + 2 Vel 3 | (4.4) 
me eile; sl ied Bee 52 : 


where Ver is the magnitude of V,.¢, and the magnitudes of V,; and Vie are 5 Vie. 
Taking the zero voltage vector Va into account, the duration times of Vas V2 


and V7 in one switching cycle are defined by 


Vier ( 3 Bes 
i : cos @ v3 sin 6 }T, 
Vac \ 2 2 


Viet , 
T, (v3 6)T, 
a= 7 (v3sin ) 


Ty7 = T, = Ts1 _ T2 (4.5) 


Assuming that the synchronous modulation method is used, that is, the modulation 
ratio is constant. The switching sequence of two switching cycles in sector I is shown 
in Fig. 4.2a. It can be seen from the figure that the first cycle starts at the operating 


mode | and the output voltage vector is Vie The operating mode | lasts for a time 
of 7;; then switches to the operating mode 7 and continues for a time of 7,7, then 


switches to the operating mode 2 and outputs Ve for a time of T,> till the end of 
the first cycle. At the beginning of the second cycle, the operating mode keeps in 
mode 2 and lasts for a time of 7,2, then switches to the operating mode 7, and finally 
switches to the operating mode | until the end of the second cycle. It is known that 
the upper switch V7, of phase a of the inverter is turned on and off twice in two 
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(d) Sectors V and VI 


Fig. 4.2. Switching sequences of 4-mode SVPWM I 


switching cycles, the upper switch VT3 of phase b is turned on and off once, and the 


upper switch V7; of phase c remains off. 


(2) Ifthe output voltage vector V ref is located in sectors II and II, then it is composed 


(4.6) 


Viet Ts = V50Ts2 =i Vs4Ts4 


of V2 and V4, and the following equation is established. 


where 7,4 is the duration time of V 54. 


Thus, the relationship among 7;, T;2, and T;4 is 
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2 us 2 
Vreta T; _ Veet es e T; es Vac pes 3 Ts2 Sie Vac ae . Ts4 
Viet sin 8 3 sin 5 3 sin 7 


2 1 2 = 
= 5 Vac a Ty2 + Vel : Ty4 (4.7) 
3%) v3 3 “1 0 


where the magnitudes of Vu and V4 are 2 Vac. 


Considering the zero voltage vector Vas the duration times of Ve. V,4 and Vg 
in one switching cycle are determined by 


Vie 3 
Ts4 dpe sin 6 cos 6 ) T, 
Vac \ 2 
Tg = T; on Ty2 _ Ty4 (4.8) 


The switching sequence of two switching cycles in sectors II and III is shown 
in Fig. 4.2b. It can be seen from the figure that the operating mode 2 works at the 
beginning of the first cycle and lasts for a time of T,2, then switches to the operating 
mode 8 and continues for a time of T;g, then switches to the operating mode 4 and 
operates for a time of 7,4 till the end of the first cycle. The second cycle begins with 
the operating mode 4, then switches to the operating mode 8, and finally switches to 
the operating mode 2 until the end of the cycle. Different from Fig. 4.2a, both VT, 
and VT’; are turned on and off once in two switching cycles, while VT3 of the phase 
b keeps on. 


(3) Ifthe reference voltage vector Ve is located in the sector IV, then it is composed 
of Vea and Vc that is 


Val = VsaT 4 + V5 Ty5 (4.9) 


where 7,5 is the duration time of Vig. 
Thus, the relationship among 7;, 7,4 and 7;5 is established as following: 


V. cos 0 2 COS T 2 cos 
| |e. Vas } |t- Val : ree 5 Mel de | 185 
Viet p sin 0 sin 70 sin —- 


ay) Hr 22% 3 i (4.10) 
3 de 0 s4 3 dc «/3 s5 . 
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Considering the zero voltage vector Ve the duration times of V i Ve. and Vs 
in one switching cycle are expressed by 


Vret 8 ae 2 058 T; 
Vac \ 2 2 


4 = 


Vie : 

Ts5 = — (v3 sin@)7, 
Vae 

Ts3 = Ts — Tsa — Ts (4.11) 


The switching sequence of two switching cycles in sector IV is shown in Fig. 4.2c. 
Similar to the above analysis, it is found that in two switching cycles, VT, is turned 
on and off twice, V73 is turned on and off once, but V7’; keeps on. 


(4) If the reference voltage vector Viet is located in sectors V and VI, then it is 
composed of Vis and Vv. 1, that is 
Viet Ts = V5 Ty5 + Voi Tot (4.12) 


Thus, the relationship among 7;, 7;5, and 7;; is expressed by 


2 am 2 ‘ 
Veeta f= Vs Gost i Up eGe B lst Va cos 20 qT 
Viet p sin 0 3 sin => 3 sin 27r 


2 =i 2 
= —Vac a Ty5 + 3M qa (4.13) 
a | a 3°10 


Considering the zero voltage vector Ve. the duration times of Vs Vat, and Ve 
in one switching cycle are determined by 


Vee : 
13S — : (v3 sin 6)T, 
Vac 


Veet [ 3 3 
Ty) = : cos 0 v3 sind | T, 
Vac \ 2 2 


T37 = T; —_ Ty5 _ Ts1 (4.14) 


The switching sequence of two switching cycles in sectors V and VI is shown in 
Fig. 4.2d. Similar to Fig. 4.2b, both VT, and V7; are turned on and off once in two 
switching cycles, but V7'3 remains off. 
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4.2.2 4-Mode SVPWM II 


As shown in Fig. 4.1b, the 4-mode SVPWM II consists of the voltage space vector 


Via. Vo. Ve. and Ve which corresponding to the operating modes 2, 3, 5, and 
6, respectively. Thus, six sectors of the conventional SVPWM are reduced to four 
sectors in the 4-mode SVPWM II, where the first sector is located in the range of 
=F <@0< a corresponding to sectors VI and I of the conventional SVPWM;; the 
second sector is located in the range of | < @ < 2n corresponding to sector II of 
the conventional SVPWM,;; the third sector is located in the range of ou <0< =z, 
corresponding to sectors III and IV of the conventional SVPWM; the fourth sector is 
located in the range of in <0< ar corresponding to sector V of the conventional 
SVPWM. 

Similarly, the calculation of duration time for the voltage space vector in each sec- 
tor can be carried out by referring to the calculation method of the 4-mode SVPWM 
I. 


If the output voltage vector Vie is located in sectors VI and I, then it is composed 


of Vs and V s6s and the following relationship is built: 


Viet cos 6 2 i 2 1 
oe Ts = Veet T, = = Vac 2 T; + =Vac 4 T, 4.15 
| [ors | oe ge [4s 56g Nd B 2 (4.15) 


If Viet is located in sector II, then it is composed of V3 and Va and the following 
relationship is built: 


Viet cos 6 2 . 2 =i 
reg (Um Vet T, = <Vae| 3p [To + ZVac| 2 [Ts (4.16 
bed io =a E ev ae 8 3 (4.16) 


If Vier is located in sectors III and IV, then it is composed of Vs and Vix, and the 
following relationship is built: 


Veet cos 0 2 = 2 1 
_ Ts = Vre Ts = = Vac 2 T; = Vac 3 T; 4.17 
bea [oes | 3 | J 343M 2 55 (4.17) 


If V es is located in sector V, then it is composed of Vy. 5 and Vs6s and the following 
relationship is built: 


Veet cos @ 2 i 2 om 
rag [Lem Viet T, = Vac] 75 | Tso + Vac] Zz [Ts 4.18 
| [oes | , 3 ss | ts 56 3 d = 5 ( ) 
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Table 4.1 Voltage space vector and its duration time of 4-mode SVPWM II 


Sector Voltage space vector Duration time 
VII Vs65 Vs2 Vier [3 V3 
f ; 
(-% <6<4%) Ts6 = a 5 088 5 sind | T, 
3 3 
Ty. = nee cos 6 4 v3 sin 0 | T; 
Vac \ 2 2 
Ts = Ts _ Ts6 = Ts2 
II Vs; V3 V, V3 
f : 
(G=0< 3) Ts = a 5 sin@ + — cosé | T; 
Ts3 Veet ( V3 sin@ cos 6 ]T, 
Vac \ 2 
Ts = Ts = Ts2 = Ts3 
IIL, IV Vs35 Vs5 Vel 3 
f 
(2 <6<*) Ts3 i 7 sin 0 5 C088 T; 
V, 3 
Ts5 = ret v3 sinO + 5 cos 8 T; 
Vac 2 
T57 = Ts — Ts3 — Ts5 
Vv Vs5, Vs6 V, 3 V3 
f 
( <0< x) Ty5 = Z 5 C080 + — sin@ ]T,; 
V, 3 3 
T56 = ret cos 0 v3 sin 0 | 7; 
Vac \ 2 2 


According to Eqs. (4.15—4.18), the duration time of the voltage space vector in 
each sector can be calculated and listed in Table 4.1, and the corresponding switching 
sequence of operating modes in each sector is shown in Fig. 4.3. 


4.2.3 4-Mode SVPWM III 


As shown in Fig. 4.1c, the 4-mode SVPWM III consists of the voltage vectors VG. 


Vo3, Va, and Vee corresponding to the operating modes 1, 3, 4, and 6, respectively. 
There are four sectors of the 4-mode SVPWM III: the first one is in the range 
of —} < 6 < 0, corresponding to yea VI of the conventional SVPWM; the 


igi one is in the range of 0 < 6 < 


2g > 


corresponding to sectors II and I of the 


conventional SVPWM;; the third one is in the range of 2 < 0 < 1, corresponding to 
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If V,e¢ is located in sector VI, then it is composed of V 56, Vs1, and Va: and the 


following relationship is built: 


qa 


0 


Vac 


2 
3 


(d) Sector V 
1 
Vie A Ts6 + 
2 
If Vier is located in sectors I and II, then it is composed of V1, Vs3, and V7, and 


the following relationship is built: 


2 
3 


eae = 


Ts = Vie ‘ 
; Var| o 


Veet a 
Veet B 


(c) Sectors HI and IV 
sector III of the conventional SVPWM; the fourth one is in the range of 7 < 0 < 


corresponding to sectors IV and V of the conventional SVPWM. 


Fig. 4.3. Switching sequences of 4-mode SVPWM II 


4.2. 4-Mode SVPWM Strategy 67 
Vref a cos 6 2 1 2 
Ts = Vie . T; = 5 Vac Ts1 + 5 Vac 
Le | ; ed a 16 | ae ta 


If Va is located in sector III, then it is composed of Va Vids and Va and the 
following relationship is built: 


Veet a cos 6 2 3 Zu, [=i 
Pav (Sa ie 4.21 
faa i 3 |Z sa id (aa oe) 


Jr (4.20) 


nisi 
Whole 


If Viz is located in sectors IV and V, then it is composed of Vou Vig and Vek 
and the following relationship is built: 


Veet a cos @ 2 —]/ 2 1 
T; = Vee : Ts = 5 Vac Ts4 + = Vac : T; 4.22 
ben ie qo 0 nee ag Tt 4 6 (4.22) 


According to Eqs. (4.19-4.22), the duration time of the voltage space vector in 
each sector can be calculated and summarized in Table 4.2, and the corresponding 
switching sequence of operating modes in each sector is shown in Fig. 4.3. 


4.3 Characteristic Analysis 
4.3.1 Switching Times and Switching Frequency 


According to the switching strategies of the 4-mode SVPWM I, I, III shown in 
Figs. 4.2, 4.3, and 4.4, the switching sequences within one cycle of output voltage are 
summarized in Tables 4.3, 4.4, and 4.5, respectively. Compared with the conventional 
SVPWM, the number of switching times of the 4-mode SVPWM is reduced by 11/18. 
Therefore, the equivalent switching frequency of the 4-mode SVPWM is only 7/18 
of that of the conventional SVPWM. 


4.3.2 Output Voltage 


The simulation parameters of the three-phase four-wire inverter are set as follows: 
three-phase output filter with inductor L = 4 mH and capacitor C = 6.8 wF, the 
equivalent line resistor r = 0.5 Q, the carrier frequency is 10 kHz, and the fundamental 
frequency of the output voltage is 50 Hz. The simulation waveform of the output line 
voltages is shown in Fig. 4.5, which are all sinusoidal. 
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Table 4.2 Space vector and its duration time of 4-mode SVPWM III 
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(b) Sectors I and II 


Fig. 4.4 Switching sequences of 4-mode SVPWM III 
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(c) Sector III (d) Sectors IV and V 
Fig. 4.4 (continued) 
Table 4.3 Switching sequences of conventional SVPWM and 4-mode SVPWM I 
Sector Conventional Switching 4-mode SVPWM I Switching 
SVPWM times times 
I 000-100-110-111- 12 100-000-110-000- 6 
110-100-000-100- 100 
110-111-110-100- 
000 
II 000-010-110-111- 12 110-111-011-111- 4 
110-010-000-010- 110 
110-111-110-010- 
000 
Til 000-010-011-111- 12 110-111-011-111- 4 
011-010-000-010- 110 
011-111-011-010- 
000 
IV 000-001-011-111- 12 011-111-001-111- 6 
011-001-000-001- O11 
011-111-011-001- 
000 
Vv 000-001-101-111- 12 001-000-100-000- 4 
101-001-000-001- 001 
101-111-101-001- 
000 
VI 000-100-101-111- 12 001-000-100-000- 4 
101-100-000-100- 001 
101-111-101-100- 
000 
Total 72 28 
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Table 4.4 Switching sequences of conventional SVPWM and 4-mode SVPWM II 
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Sector Conventional Switching 4-mode SVPWM II | Switching 
SVPWM times times 
I 000-100-110-111- 12 101-111-110-111- 4 
110-100-000-100- 101 
110-111-110-100- 
000 
II 000-010-110-111- 12 110-111-010-111- 6 
110-010-000-010- 110 
110-111-110-010- 
000 
Il 000-010-011-111- 12 010-000-001-000- 4 
011-010-000-010- 010 
011-111-011-010- 
000 
IV 000-001-011-111- 12 010-000-001-000- 4 
011-001-000-001- 010 
011-111-011-001- 
000 
Vv 000-001-101-111- 12 001-000-101-000- 6 
101-001-000-001- 001 
101-111-101-001- 
000 
VI 000-100-101-111- 12 101-111-110-111- 4 
101-100-000-100- 101 
101-111-101-100- 
000 
Total 72 28 


Fig. 4.5 Output line voltages of 4-mode SVPWM 
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Table 4.5 Switching sequences of conventional SVPWM and 4-mode SVPWM III 


Sector Conventional Switching 4-mode SVPWM III | Switching 
SVPWM times times 
I 000-100-110-111- 12 100-000-010-000- 4 
110-100-000-100- 100 
110-111-110-100- 
000 
II 000-010-110-111- 12 100-000-010-000- 4 
110-010-000-010- 100 
110-111-110-010- 
000 
Il 000-010-011-111- 12 010-111-011-111- 6 
011-010-000-010- 010 
011-111-011-010- 
000 
IV 000-001-011-111- 12 001-111-101-111- 4 
011-001-000-001- 001 
011-111-011-001- 
000 
Vv 000-001-101-111- 12 011-111-101-111- 4 
101-001-000-001- O11 
101-111-101-001- 
000 
VI 000-100-101-111- 12 101-000-100-000- 6 
101-100-000-100- 101 
101-111-101-100- 
000 
Total 72 28 


4.3.3 Comparison with 3-Mode SVPWM 


Comparing the 3-mode SVPWM and the 4-mode SVPWM, it is found that both of 
them can reduce the amount of calculation, switching times, and equivalent switching 
frequency by reducing the sectors of the conventional SVPWM. The difference is 
that each sector in the 3-mode SVPWM has the same size interval, while the 4-mode 
SVPWM has different sector size, resulting in different switching times per sector. 
The comparison of switching sequences between the 3-mode SVPWM I and the 
4-mode SVPWM Tis listed in Table 4.6. 


4.4 Geometric Meaning of m-Mode SVPWM 


Referring to the voltage space vector distribution of the three-phase four-wire inverter 


in Fig. 3.3, a synthesized vector Vie can be constructed by using the symmetrical 
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Table 4.6 Comparison between 3-mode SVPWM I and 4-mode SVPWM I 


Sector 3-mode SVPWM I Switching 4-mode SVPWM I Switching 
times times 

I 100-000-010-000- 4 100-000-110-000- 6 
100 100 

II 100-000-010-000- 4 110-111-011-111- 4 
100 110 

Til 010-000-001-000- 4 110-111-011-111- 4 
010 110 

IV 010-000-001-000- 4 011-111-001-111- 6 
010 O11 

Vv 001-000-100-000- 4 001-000-100-000- 4 
001 001 

VI 001-000-100-000- 4 001-000-100-000- 4 
001 001 

Total 24 28 


basic voltage space vectors shown in Figs. 3.4, 3.7, and 4.1, or using the asymmetric 
basic space vectors as long as the angle range of every sector is less than m. Therefore, 
for the 3-mode SVPWM, only two construction methods shown in Figs. 3.4 and 3.7 
are available; for the 4-mode SVPWM, only three construction methods shown in 
Fig. 4.1 are available; but for the 5-mode SVPWM, there will be six construction 
methods, which are shown in Fig. 4.6. 

In addition, according to the construction method of the 3-mode SVPWM III, 
new hybrid m-mode SVPWMs can be formed based on the 4-mode and 5-mode 
SVPWMs, to further improve the performance of application. 


4.5 Summary 


This chapter further studies the control strategy of the 4-mode SVPWM for the 
three-phase four-wire inverter. The 4-mode SVPWM reduces the number of sectors 
of conventional SVPWM from six to four, which reduces the switching times of 
switches by 11/18, that is, the equivalent switching frequency is reduced to 7/18 of 
that of the conventional SVPWM. Similar to the 3-mode SVPWM, the purpose of 
reducing the calculation amount, the number of switching times, and the switching 
frequency is achieved. Considering the constraint that the geometric angle of each 
sector cannot be larger than z, there are only two basic construction methods for the 
3-mode SVPWM, only three for the 4-mode SVPWM and consequently 6 for the 5- 
mode SVPWM. In order to improve the control characteristics of m-mode SVPWM, 
the hybrid m-mode SVPWM method can be used for 4-mode and 5-mode SVPWMs 
as needed. 
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Fig. 4.6 Space vector construction method of 5-mode SVPWMs 


74 4 4-Mode SVPWM for Three-Phase Four-Wire Inverter 


Reference 


1. Li X, Zhang B, Qiu D (2015) Three-mode pulse-width modulation of a three-phase four-wire 
inverter. IET Power Electron 8(8):1483-1489 


Chapter 5 M®) 
6-Mode SVPWM for Nine-Switch a 
Dual-Output Inverter 


Manufacturing industries such as textiles, paper, and steel require high-performance 
control of multiple variable-frequency motors simultaneously. Normally, one motor 
is controlled by one inverter. However, with the continuous improvement of the cost 
performance requirements of the variable-frequency system, driving multiple motors 
by only one inverter has become a development trend, thus the nine-switch inverter 
with two outputs was proposed. In this chapter, the m-mode SVPWM method is 
applied to the nine-switch dual-output inverter, which not only verifies and expands 
the application of m-mode SVPWM, butalso puts forward a novel SVPWM technique 
different from the existing ones to further enhance the performance of inverters. 


5.1 Operating Principle of Nine-Switch Dual-Output 
Inverter 


The nine-switch inverter shown in Fig. 5.1 is a three-phase dual-output inverter in 
fact [1]. There are three switching devices in each leg, and the middle switches VT, 
VT5, and VT¢ are shared by the upper and lower sub-inverters. Therefore, the upper 
sub-inverter is composed of VT, VT2, VT'3, V4, VT'5, and VT¢, while the lower one 
is composed of VT4, VT5, VI¢, VT7, VTg, and VT». 

According to the ON/OFF state of the switches, there are 14 operating modes for 
the nine-switch dual-output inverter, which can be represented by 14 basic voltage 


Space vectors, Voi, V 52, V 53, V sa, V55, V 56, V57, Vs, V 59, Vsi10, Vsu, Vsi2, Vs13, 


Vsi4, respectively. In order to simplify the representation of each operating mode, 
the ON/OFF state of the upper switches of the upper/lower sub-inverter is used, 
where “1” means “ON” and “0” means “OFF”. Letter “uv” or “/” is put before the 
binary combination to distinguish the upper and lower inverters, where “w’”’ denotes 
the upper sub-inverter and “7” denotes the lower sub-inverter. According to Fig. 5.2, 
the operating modes and their corresponding switching states are summarized in 


Table 5.1. 
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GC, Ca R 
+L + | 
Ubu 


Fig. 5.1 Nine-switch dual-output inverter 


As Vis and Vii are the zero voltage space vectors, the distribution of other 
12 non-zero voltage space vectors on the complex plane is shown in Fig. 5.3. It is 
found that the complex plane is symmetrically divided into six sectors (I-VI), and 


the voltage vectors of upper sub-inverter (V51, Vs2, Vs3, Vsa, Vs5, Vso) completely 


coincide with those of the lower sub-inverter (V7, Vsg, Vso, Vsio, Vsi1, Vsi2)- 

Since the nine-switch dual-output inverter can be considered as a combination 
of two three-phase inverters from the topological aspect, the conventional SVPWM 
or SPWM strategies can be used to modulate the nine-switch dual-output inverter 
[2-4]. Table 5.2 lists the switching sequence of the conventional SVPWM for the 
nine-switch dual-output inverter. It can be seen that four basic voltage space vectors 
are used to form the reference output voltage vector in each sector, in which two 
basic vectors compose the output voltage vector of the upper sub-inverter and the 
other two compose that of the lower sub-inverter. 
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Fig. 5.2. Equivalent circuits 
of the nine-switch 
dual-output inverter 


Ubu Uau 


(c) Operating mode 3 
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Fig. 5.2 (continued) 


(f) Operating mode 6 
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Fig. 5.2. (continued) 
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Fig. 5.2 (continued) 


(1) Operating mode 12 
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Fig. 5.2. (continued) 


(n) Operating mode 14 
Fig. 5.3 Distribution of A 
basic voltage space vectors Vs, Veo ’ Vor, Vs 
i) 
1 
i) 
i) 


Via, Vito 
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Table 52 Switching Sector Switching sequence Switching 
sequences of conventional fice 
SVPWM 
I 000-w100-u110-111-uw110-u100- | 12 
000-/100-/110-111-/110-/100- 
000 
Il 000-w010-w110-111-uw110-u010- | 12 
000-/010-/110-111-/110-/010- 
000 
Il 000-w010-v011-111-w011-u010- | 12 
000-/010-/01 1-111-/011-/010- 
000 
IV 000-w001-w011-111-w011-u001- | 12 
000-/001-/ 
011-111-/011-/001-000 
Vv 000-w001-u101-111-w101-u001- | 12 
000-/001-/101-111-/101-/001- 
000 
VI 000-w100-v101-111-w101-u100- | 12 
000-/100-/101-111-1101-/100- 
000 
Total 72 
5.2 6-Mode SVPWM Strategy 
5.2.1 Switched Linear System Model 
: i ' : . T 
The state variable of the nine-switch inverter is represented by x = EP x] | : 


where x, is the state variable matrix of the upper sub-inverter, and x; is that 
of the lower sub-inverter. If the output inductor currents and the capacitor volt- 
ages of two loads are selected, then x, = [igus lbu, teus Uaus Ubu Ucn] and x, = 
ligt, tpt» icts Hats Unt,» Uci]’- According to Fig. 3.1, it is assumed that the values of 
all capacitors, all inductors, and all resistors are equal, that is, Cg = Cp = C, = C, 


La = Lp = Le = L, Rg = Rp = R, = R. Then the switched linear system model 
of the nine-switch dual-output inverter similar to Eq. (2.1) can be established, where 


(5.1) 


(5.2) 


(5.3) 
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(5.4) 


(5.5) 


(5.6) 


(5.7) 


Since the control between the upper and lower sub-inverters of the nine-switch 
dual-output inverter is coupled, the switching sequence can be expressed as 


o= V (ian lous lau Uau, Ubu» Ucu, lal, lel, lal Ual, Ubl,Ucl,O , 0), 


(5.8) 


whereo € (1, 2,..., 14). The upper and lower sub-inverters should meet the switch- 
ing constraints listed in Table 5.3. 


Table 5.3 Switching constraints of upper and lower sub-inverters 


o 1,7 2,8 3,9 4, 10 5,11 6, 12 

Yau, Ual Yau, Ual > 0 Yau, Ual > 0 Yau, Ual < 0 Yau, Ual < 0 Uau,Ual <0 Yau, Ual > 0 

Ubu, Ubl Ubu, Ub <0 Ubu, Ub > O Ubu, Ub > O Ubu, Up > O Ubu, Ubl <0 Ubu, Ubi <0 

Ucu, Ucl Ucu,Ucl < 0 Ucu, el <0 Ucu,Ucl < 0 Ucu, Ucl > O Ucu,Ucl > O Ucu, Uct > O 

7) -%<0<f 0<0<% Z<O<n mt cg< n<0< 2% <9 <2n 
3 — 3 =a 3 — 3 =- 3 = 3 3 = 

on 2, 6, 8, 12 1,3,7,9 2, 4, 8, 10 3,5,9, 11 4, 6, 10, 12 1,5,7, 11 
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5.2.2 m-Mode Controllability 


Corresponding to Eq. (2.6), the matrix to analyze the state controllability of nine- 
switch dual-output inverter can be constructed as follows. 


|B. A, dos Ass a Assy Ane Ay As, Aro, Ain} 6.9) 
where B = [B,, Bo,..., By] is a matrix of 12 x 12. dimen- 
sions; At = [AB AnB,.... AB is of 12 x 12? dimensions; 
AS [Avis Aad. Avda | is of 12 x 123 dimensions; A; = 
[Ai a, dada. Ainda| is of 12 x 12+ dimensions; ...; Au a 


Aj Ajo, ArAjo, ---, Ai2Ajo | is of 12 x 12!2 dimensions. 
Referring to Eqs. (5.1) and (5.2), the rank of Eq. (5.9) is calculated as below. 


rank |B A, An, As, roe ow oe a A Aro An apse Gie 


Since upper and lower sub-inverters of the nine-switch dual-output inverter are 
both three-phase three-wire inverters, only four state variables per inverter are inde- 
pendent. Equation (5.10) indicates that the nine-switch dual-output inverter is state 
controllable. 


5.2.3 6-Mode SVPWM 


According to Eq. (2.8), it can be concluded that when the operating mode number m= 
4, up to 16 control variables can be formed, which is greater than the number of state 
variables of the nine-switch inverter. Therefore, the minimum number of operating 
modes to control the nine-switch inverter is 4. However, considering the switching 
constraints of the upper and lower sub-inverters in Table 5.3, the upper and lower 
sub-inverters should be controlled independently, in order to simplify the control 
strategy. Therefore, the 3-mode SVPWM for the three-phase four-wire inverter can 
be used to modulate the upper and lower sub-inverters, respectively, which results in 
a 6-mode SVPWM for the nine-switch dual-output inverter. 

Therefore, two symmetric 6-mode SVPWM methods can be constructed [5]. 


(1) 6-mode SVPWM 1 is shown in Fig. 5.4a, in which V5, Vs3, Vss for the upper 
sub-inverter and Vc. ae v ae for the lower one; (2) 6-mode SVPWM II is shown 
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in Fig. 5.4b, in which Vs2, Vs4, Vs6 for the upper sub-inverter and V57, Vso, Vsi1 
for the lower one. 

Take 6-mode SVPWM I/as an example to illustrate the switching process. Assum- 
ing that synchronous modulation is adopted and only one switch in each leg is turned 
ON or OFF at one time, the switching sequences as shown in Tables 5.4 and 5.5 can be 
designed. Table 5.4 lists the upper—lower inverter switching strategy while Table 5.5 
lists the lower—upper inverter switching strategy. Comparing with the conventional 
SVPWM in Table 5.2, the number of switching times reduced by two-third, and the 
equivalent switching frequency is only one-third of that of the conventional SVPWM 
accordingly. 

In addition, the conventional SVPWM generally divides one cycle into two sec- 
tions to control upper and lower inverters, respectively. That is, the upper sub-inverter 


Fig. 5.4 Diagrams of 
6-mode SVPWM methods 
for nine-switch dual-output 
inverter 
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(b) 6-mode SVPWM II (V,., Veg, Ves Vor Vays Vas) 
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Table 5.4 Switching sequences of the upper—lower inverter strategy within 2 cycles 


Upper sub-inverter 


Lower sub-inverter 


Switching sequence 


Switching times 


Sector I Sector IV u101-1010-111-u110-/001 | 4 
Sector II Sector V u110-1001-111-v011-/100 | 4 
Sector III Sector VI u110-1001-111-v011-/100 | 4 
Sector IV Sector I u011-/100-111-u101-/010 | 4 
Sector V Sector II u011-/100-111-u101-/010 | 4 
Sector VI Sector III u101-1010-111-u110-/001 | 4 
Total 24 
Table 5.5 Switching sequences of the lower—upper inverter strategy within two cycles 


Upper sub-inverter 


Lower sub-inverter 


Switching sequence 


Switching times 


Sector I Sector IV 1001-w110-111-/010-u101 4 
Sector II Sector V 1100-w011-111-/001-w110 | 4 
Sector III Sector VI 1100-w011-111-/001-u110 | 4 
Sector IV Sector I 1010-w101-111-/101-u011 4 
Sector V Sector II 1010-w101-111-/101-u011 4 
Sector VI Sector III 1001-w110-111-/010-u101 4 
Total 24 
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T/2 
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(a) Conventional SVPWM 


Upper inverter 


Lower inverter 


TI 


(b) 6-mode SVPWM 


Fig. 5.5 Control modes of conventional SVPWM and 6-mode SVPWM 


is active in the first section while the lower one is active in the second section, as 
shown in Fig. 5.5a, which obviously increases the harmonics. However, the upper 
and lower sub-inverters work alternately under the 6-mode SVPWM, as shown in 
Fig. 5.5b, which can reduce the harmonics effectively. 
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5.3. Simulation and Experimental Results 


The simulation circuit is built with reference to Fig. 5.1. The circuit parameters are 
set as follows: r = 0.2 Q, L = 4 mH, C = 6.8 wF. The fundamental frequency of 
the upper sub-inverter is set to 25 Hz, and that of the lower one is set to 50 Hz. The 
carrier frequency of the inverter is 10 kHz. According to the switching sequence in 
Table 5.4, the simulation results are obtained as shown in Fig. 5.6. 
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(b) Output waveforms after filter. 


Fig. 5.6 Simulation waveforms of the nine-switch dual-output inverter under 6-mode SVPWM 
(above: upper sub-inverter; below: lower sub-inverter) 
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Table 5.6 Prototype parameters of the nine-switch dual-output inverter 
R(Q) L(mH) |C(wF) | Carrier frequency | Frequency of Frequency of 
(kHz) upper output (Hz) | lower output (Hz) 
0.5 1.0 25.0 10.0 50.0 25.0 


From the simulation results, the nine-switch inverter can output two three-phase 
sinusoidal voltages with different frequencies, which verify the aforementioned the- 
oretical analysis of 6-mode SVPWM. 

The experimental prototype of the nine-switch dual-output inverter is constructed 
by using the parameters listed in Table 5.6. The line and phase voltages of the upper 
sub-inverter are shown in Fig. 5.7, while Fig. 5.8 depicts the phase voltages of both 


(a) Line voltages. 


Tek Prevu 


(b) Phase voltages. 


Tek Prevu 


Fig. 5.7 Output voltages of the upper sub-inverter before LC filter 
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Fig. 5.8 Output phase voltages of the nine-switch dual-output inverter after LC filter 


upper and lower sub-inverters after LC filters. The experimental results verify the 
correctness and feasibility of the proposed 6-mode SVPWM. 


5.4 Other m-Mode SVPWM for Nine-Switch Dual-Output 
Inverter 


According to the state controllability analysis of the nine-switch dual-output inverter 
in Sect. 5.2, the inverter can work under other kinds of m-mode SVPWM in addition 
to the 6-mode SVPWM. Except for two kinds of 6-mode SVPWM methods shown in 
Fig. 5.4, there are two other 6-mode SVPWM methods, which are shown in Fig. 5.9. 

Similar to 4-mode SVPWM of the three-phase four-wire inverter, the nine-switch 
dual-output inverter can also adopt three basic 8-mode SVPWM methods shown in 
Fig. 5.10a—c. In addition, according to symmetry principle, other kinds of 8-mode 
SVPWM methods can be formed by removing 4 operating modes from the total 12 
operating modes. For example, 8-mode SVPWM IV shown in Fig. 5.10d can be 


obtained by removing Vis and Vs6 of the upper sub-inverter and Va and Vig of 
the lower sub-inverter; 8-mode SVPWM V shown in Fig. 5.10e can be obtained by 


removing Vs1, Vs4, Vso and Vs12. Similarly, other kinds of m-mode SVPWM, such 
as 9-mode, 10-mode or 11-mode SVPWM for the nine-switch dual-output can be 
proposed according to the actual needs. 
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(b) 6-mode SVPWM IV (V,,, V4, Vigs Vig s Vans Var) 


5.5 Summary 


This chapter analyzes the m-mode controllability of the nine-switch dual-output 
inverter and puts forward 6-mode SVPWM along with the switching sequences. 
Theoretical analysis, simulation, and experimental results show that the 6-mode 
SVPWM of nine-switch dual-output inverter can reduce the number of switching 
times by two-third compared with the conventional SVPWM, and the switching 
frequency reduced to one-third accordingly. For the inverters with many operating 
modes like the nine-switch dual-output inverter, a lot of m-mode SVPWM methods 
can be chosen. The best one can be selected according to actual needs, thereby 
improving the overall performance of the inverter. 
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Fig. 5.10 Diagrams of 
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(c) &-mode SVPWM III. 
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Fig. 5.10 (continued) 
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(e) 8-mode SVPWM V. 
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Chapter 6 M®) 
6-Mode SVPWM for Five-Leg crest 
Dual-Output Inverter 


Similar to the nine-switch dual-output inverter, the five-leg dual-output inverter is also 
one of the multi-load inverters. Unlike the nine-switch dual-output inverter consisting 
of upper and lower inverters, the five-leg dual-output inverter is composed of left and 
right inverters with more flexible control. In this chapter, the state controllability of the 
five-leg dual-output inverter will be analyzed systematically, and the corresponding 
6-mode SVPWM method will be put forward. Furthermore, the switching sequence 
and operating characteristics of 6-mode SVPWM will be studied, which provides a 
novel modulation method for the five-leg dual-output inverter. 


6.1 Operating Principle of Five-Leg Dual-Output Inverter 


The topology of the five-leg dual-output inverter is shown in Fig. 6.1 [1]. It consists of 
five phase legs and can be divided into left and right inverters. The left sub-inverter 
supplying power to load #1 is composed of VT), VT3, VT'5, VT2, VT4, and VT6, 
while the right sub-inverter supplying power to load #2 is composed of VT5, VT7, 
VT9, VT¢, VIg, and VT \o9. The intermediate leg consisting of VT; and V7¢ is shared 
by the left and right sub-inverters. As a result, the five-leg dual-output inverter has 
one less leg than two independent inverters, which means two switching devices are 
saved. 

When the five-leg dual-output inverter operates under conventional SVPWM, 
it can be regarded as two independent three-phase inverters. When one inverter is 
active, the other one is inactive and output zero voltage vector, which means that 
two inverters work alternatively to achieve decoupled output. Therefore, the five-leg 
dual-output inverter has 14 operating modes in total, and the corresponding voltage 
vectors are listed in Table 6.1, which can be represented by the binary combination 
of the upper switch in each leg. In order to distinguish the left and right inverters, 
letter “7” or “r’” is put before the binary representation, where “7” denotes the left 
sub-inverter and “r” denotes the right sub-inverter [2, 3]. The equivalent circuits of 
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Fig. 6.1 Five-leg dual-output inverter 


the five-leg dual-output inverter corresponding to 14 operating modes are shown in 
Fig. 6.2. 

In the conventional SVPWM strategy, each operating mode in Fig. 6.2 can be 
represented by a voltage space vector in the complex plane. Figure 6.3 shows the 
distribution of 14 basic voltage space vectors on the complex plane, which is divided 


into six sectors by the nonzero voltage space vectors (V,; to V12). Among 12 nonzero 


voltage space vectors, Vig to Ve correspond to the left sub-inverter, while Va to 


V 512 correspond to the right sub-inverter. 

In order to ensure the completely decoupled of the left and right sub-inverters, 
one switching cycle is generally divided into two parts, and the left and right sub- 
inverters operate in one-half of the switching cycle, respectively. Table 6.2 lists the 
switching sequences of conventional SVPWM for the five-leg dual-output inverter. 

Since the left and right sub-inverters of the five-leg dual-output inverter work inde- 
pendently, the duration time of each vector needs to be calculated separately, which 
obviously increases the calculation amount of the conventional SVPWM algorithm. 
In addition, the number of combined sectors of the left and right sub-inverters is 
up to 36, and as a result, the complexity of the SVPWM algorithm is significantly 
increased. 
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(c) Operating mode 3 (/010) 


Fig. 6.2 Equivalent circuits of the five-leg dual-output inverter 


6.1 Operating Principle of Five-Leg Dual-Output Inverter 


(f) Operating mode 6 (/101) 


Fig. 6.2. (continued) 
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(i) Operating mode 9 (7010) 


Fig. 6.2. (continued) 
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(1) Operating mode 12 (r101) 


Fig. 6.2. (continued) 
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(m) Operating mode 13 (111) 


(n) Operating mode 14 (000) 


Fig. 6.2. (continued) 


Fig. 6.3. Distribution of AB 
basic voltage space vectors Vo, Vo 
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Tables? Switching Sector Left Right Switching 
Sealionces oh couyenugnal sub-inverter sub-inverter times 
SVPWM 
I 000-1100- 000-7 100- 12 
1110-111- r110-111- 
1110-1100-000 | r110-r100- 
000 
II 000-1010- 000-r010- 12 
1110-111- r110-111- 
1110-1010-000 | r110-r010- 
000 
Il 000-1010- 000-r010- 12 
1011-111- r011-111- 
1011-1010-000 | r011-r010- 
000 
IV 000-1001- 000-r001- 12 
1011-111- r011-111- 
1011-1001-000 | r011-r001- 
000 
V 000-1001- 000-r001- 12 
1101-111- rl01-111- 
1101-1001-000 | r101-r001- 
000 
VI 000-1100- 000-r100- 12 
1101-111- rl01-111- 
1101-1100-000 | r101-r100- 
000 
Total 72 
6.2 6-Mode SVPWM Strategy 
6.2.1 Switched Linear System Model 
T : . 
Select x = [ X1 Xp | as the state variable matrix of the five-leg dual-output 


inverter, where x, is the state variables of the left sub-inverter and x, is that of 
the right sub-inverter. Let the output inductor currents and capacitor voltages of 
two loads be the state variables, then x7 = [igy, tp, ict, Ual, UbI, ue] and x, = 
liars tbrs bers Uars Ubrs Uerl- Assuming that the load parameters of the five-leg dual- 
output inverter in Fig. 6.1 are the same, the coefficient matrixes of the switched linear 
system model of the five-leg dual-output inverter can be obtained as below: 


(6.1) 


(6.2) 
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Cai 0 
1 14 Ce | (6.3) 
-£0 0 -; 0 0 
0 -40 0 - 0 
0 0 -£0 0 -+ 
Aa = Aa = L L (6.4) 
+ 0 0 -770 0 
0 40 0 -,%0 
0 0 4 0 Fe 
1 1 1 1 1 1 1 


0 0 0 0 0 0 0 ee) 


0 0 0 0 0 


0 
0 
000100000000 
Cai = | 000010000000 (6.6) 


000001000000 


000000000100 
Ca2= | 000000000010 
000000000001 


(6.7) 


6.2.2 m-Mode Controllability 


Corresponding to Eq. (2.6), the matrix to analyze the state controllability of the 
five-leg dual-output inverter can be constructed as follows: 


| B.A. da, Ass ay Ass es An As ds, Aro, An 6.8) 
where B = [B,, Bo,..., By] is a matrix of 12 x 12. dimen- 
sions; At = [iB AB, oe AnB| is of 12 x 12? dimensions; 


AS = [Ara Aad, AioAi| is of 12 x 123 dimensions; A; = 


II 


[Ai a, Aadays Ainda| is of 12 x 12* dimensions; ...; As 


AjAjo, ArAjo, -.., A12A10 | is of 12 x 12!? dimensions. 
Referring to Eqs. (6.1)-(6.5), the rank of Eq. (6.8) is calculated as below: 
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Since both left and right sub-inverters in the five-leg dual-output inverter can be 
considered as the three-phase three-wire inverter, only four variables per inverter 
are independent. Therefore, the matrix in Eq. (6.8) is full-rank, which indicates that 
five-leg dual-output inverter is state controllable. 


6.2.3 6-Mode SVPWM 


According to Eq. (2.8), it can be concluded that a maximum of 16 control variables 
can be formed when 4 operating modes are used, which is greater than the number 
of state variables. Therefore, the minimum number of operating modes for SVPWM 
is 4. 

Since the left and right sub-inverters of the five-leg dual-output inverter can 
be independently controlled, the m-mode SVPWM for the three-phase three-wire 
inverter can be used as a reference. The left and right sub-inverters can adopt the 
3-mode SVPWM, respectively, which means that the five-leg dual-output inverter 
can operate under 6-mode SVPWM. 

Therefore, two kinds of vector-symmetric 6-mode SVPWM can be obtained. In 


6-mode SVPWM I shown in Fig. 6.4a, the left sub-inverter adopts Vas Ve and es 
while the right one chooses Vn Vs10 and Ves In 6-mode SVPWM II shown in 
Fig. 6.4b, the left sub-inverter adopts Vo. Visa and Vie while the right one chooses 


Vas V0 and Vou: 

6-mode SVPWM I in Fig. 6.4b is taking as an example to illustrate the switch- 
ing process. It is assumed that synchronous modulation is adopted, and only one 
switch in each sub-inverter is turned ON/OFF at one time. Therefore, the switch- 
ing sequences can be summarized in Tables 6.3 and 6.4, in which Table 6.3 depicts 
the left-right-inverter switching strategy, while Table 6.4 is the right—left-inverter 
switching strategy. Compared with the conventional SVPWM in Table 6.2, the num- 
ber of switching times reduced by 2/3, and the equivalent switching frequency is 
only 1/3 of the conventional SVPWM switching frequency. 

From Tables 6.3 and 6.4, when the five-leg dual-output inverter adopts 6-mode 
SVPWM, the left and right sub-inverters can work alternately, which effectively 
reduces the output harmonics compared with the conventional SVPWM. 
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Fig. 6.4 6-mode SVPWMs 
for five-leg dual-output 
inverter 
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(b) 6-mode SVPWM II (V.,, V.,, Vics Vins Vos Vay) 

Table 6.3 Switching sequences of the left—right-inverter strategy within 2 cycles 
Left sub-inverter Right sub-inverter Switching sequence Switching times 
I IV 1101-r010-000-/110-r001 | 4 
II Vv 1110-r001-000-/011-r100 | 4 
Ill VI 1110-r001-000-/011-r100 | 4 
IV I 1011-r100-000-/101-r010 | 4 
Vv Il 1011-r100-000-/101-r010 | 4 
VI Il 1101-r010-000-/110-r001 | 4 
Total 24 
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Table 6.4 Switching sequence of the right—left-inverter strategy within 2 cycles 


Left sub-inverter Right sub-inverter Switching sequence Switching times 
I IV r001-/110-000-r010-/101 | 4 

II Vv r100-/011-000-r001-/110 | 4 

Ill VI r100-/011-000-r001-/110 | 4 

IV I r010-/101-000-r101-/011 | 4 

Vv II r010-/101-000-r101-/011 | 4 

VI Il r001-/110-000-r010-/101 | 4 

Total 24 


6.3 Simulation and Experimental Results 


The simulation circuit of the five-leg dual-output inverter is the same as Fig. 6.1. 
The parameters are set as follows: Vg. = 100 V, r = 0.2 Q, L = 4mH, C = 10 nF 
the output frequency of left sub-inverter is 50 Hz, and that of the right one is 25 Hz. 
Based on the switching sequence in Table 6.3, the simulation results are obtained in 
Figs. 6.5, 6.6, 6.7, and 6.8. 

It can be seen from the simulation waveforms that the five-leg dual-output inverter 
can work normally under 6-mode SVPWM and output two desired sinusoidal sig- 
nals of different frequencies, which verifies the correctness of the above theoretical 
analysis. 

In order to further verify the operating characteristics of the 6-mode SVPWM, 
the experimental verification was carried out under the same parameters. The exper- 
imental waveforms are shown in Figs. 6.9, 6.10, 6.11, and 6.12. It is found that two 
three-phase loads can operate at different frequencies under the proposed 6-mode 
SVPWM, which confirms the independent modulation of left and right sub-inverters. 


6.4 Comparison with Conversional SVPWM 


The harmonic analysis of two load currents outputted by the five-leg dual-output 
inverter is shown in Table 6.5. It can be found that the harmonic contents of two load 
currents are quite close and can meet the actual requirements. Compared with the 
existing conventional SVPWM, it is found that the harmonic contents of the 6-mode 
SVPWM are greater, but the gap between the 6-mode SVPWM and the conventional 
SVPWM will shrink as the switching frequency increases. 
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Fig. 6.5 Simulation waveforms of phase voltage under 6-mode SVPWM (before filter) 


Table 6.5 Analysis of harmonic contents 


Control strategy Sub-inverter Harmonic content 
10 kHz 15 kHz 20 kHz 
6-mode SVPWM I (%) Left 3.48 1.69 1.00 
Right 3.66 1.95 1.06 
6-mode SVPWM II (%) Left 3.48 1.69 0.99 
Right 3.49 1.73 1.03 
Conventional SVPWM (%)_| Left 0.62 0.29 0.22 
Right 0.64 0.32 0.20 
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Fig. 6.6 Simulation waveforms of line voltage under 6-mode SVPWM (before filter) 
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Fig. 6.7 Simulation waveforms of line voltage after filter (above: left sub-inverter, below: right 


sub-inverter) 
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Fig. 6.8 Simulation waveforms of phase current under 6-mode SVPWM (above: left sub-inverter, 
below: right sub-inverter) 
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Fig. 6.9 Experimental waveforms of phase voltage under 6-mode SVPWM (before filter) 
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Fig. 6.10 Experimental waveforms of phase voltage under 6-mode SVPWM (after filter) 


Table 6.6 Analysis of switching times under different switching frequencies 


Frequency (kHz) 6-mode SVPWM I 6-mode SVPWM II Conventional SVPWM 
10 15,358 15,356 52,144 
15 23,094 23,058 77,310 
20 30,578 30,686 101,604 


The number of switching times of the five-leg dual-output inverter under different 
modulation strategies is counted within the period of 0.2 s. The results are shown 
in Table 6.6. With the increase of the switching frequency, the number of switching 
times under conventional SVPWM is much greater than that of 6-mode SVPWM, 
and the gap becomes larger as the frequency increases. 
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Fig. 6.11 Experimental waveforms of line voltage under 6-mode SVPWM (before filter) 


6.5 Summary 


This chapter analyzed the m-mode controllability of the five-leg dual-output inverter 
and put forward the 6-mode SVPWM methods along with the corresponding switch- 
ing sequences. Theoretical analysis, simulation, and experimental results show that 
the five-leg dual-output inverter operating under 6-mode SVPWM can reduce the 
number of switching times by 2/3 compared with conventional SVPWM, and the 
equivalent switching frequency is only 1/3 of the conventional one. At the same 
actual switching frequency, the harmonic contents of the five-leg dual-output inverter 
under the 6-mode SVPWM are comparable to those of the conventional SVPWM, 
which proves the practicability of the 6-mode SVPWM. 
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Fig. 6.12 Experimental waveforms of line voltage under 6-mode SVPWM (after filter) 
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Chapter 7 ®) 
m-Mode SVPWM for Multilevel Inverter peice 


Compared with the aforementioned two-level inverter, the multilevel inverter can 
further reduce the harmonics of the output voltage and current. However, the struc- 
ture of the multilevel inverter is more complicated, which makes the design of the 
SVPWM switching sequences more difficult. Besides, the issues such as capacitor 
voltage balance should also be considered. Therefore, the m-mode SVPWM is more 
practical for the multilevel inverters. In this chapter, the topologies and the existing 
SVPWM of the multilevel inverter are analyzed first. Then, taking the diode-clamped 
three-level inverter as an example, the state controllability is studied and several m- 
mode SVPWMs of the diode-clamp three-level inverter are proposed. Furthermore, 
the switching sequences and operating characteristics of the diode-clamp three-level 
inverter are studied, in order to achieve the purpose of reducing the switching fre- 
quency and calculation amount of the modulation algorithm. 


7.1 Overview of Multilevel Inverter 


The earliest multilevel inverter is the diode-clamped three-level inverter proposed 
by Nabae et al. [1], then various kinds of multilevel inverter appeared [2, 3]. The 
multilevel inverter is usually composed of several switching devices and capacitors, in 
which the capacitor voltages are superimposed by the control of the switches to form 
a multilevel staircase waveform. The three-level and n-level voltage control principle 
of one inverter bridge arm is shown in Fig. 7.1. It can be found that increasing the 
number of levels will result in an increase in the number of switching devices and 
capacitors, which makes the switching control more complicated. 

The basic types of multilevel inverters include diode-clamped multilevel inverters, 
flying-capacitor multilevel inverters, and cascaded-bridge multilevel inverters. As 
shown in Fig. 7.2a, the DC link voltage of the diode-clamped multilevel inverter is 
divided to multiple levels by a group of series capacitors, while in the flying-capacitor 
multilevel inverter, the multiple levels are formed by capacitor ladder connections 
of different voltage levels as shown in Fig. 7.2b. However, the cascaded inverter is 
© Springer Nature Singapore Pte Ltd. 2019 115 
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Fig. 7.1 Principle of single-phase multilevel inverter 


(a) Diode-clamped. (b) Flying-capacitor. (c) Cascaded-bridge. 


Fig. 7.2. Bridge arm structure of different types of multilevel inverters 


completely different, as shown in Fig. 7.2c, the outputs of a group of single-phase 
bridge inverters are connected in series to produce multiple levels. 
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7.1.1 Diode-Clamped Multilevel Inverter 


According to the output level requirements of the inverter, the inverter topology of 
various levels can be obtained by the basic diode-clamped three-level inverter. For 
example, the bridge arm structures of the diode-clamped three-level and four-level 
inverters are given in Fig. 7.3. 

Based on Fig. 7.3a, the switching states and the corresponding output voltages of 
the diode-clamped three-level inverter are listed in Table 7.1. It can be seen that the 
phase voltage va, can output +Vuc, 0 and — Vac, so the line voltage has five levels, 
which are +2Vac, +Vac, 0, — Vac and —2V4.. In the diode-clamped four-level inverter 
shown in Fig. 7.3b, the voltage v,, has four different outputs, which include +3 Vac, 
+2Vac, +Vac and 0, then the line voltage can obtain six levels. 

For a diode-clamped multilevel inverter, regardless of the number of levels, the 
blocking voltage of the main switching device is limited to Vg., thus IGBT with low 
power consumption and low voltage level can be used in the high voltage occasions. 
However, the reverse voltage of the diode is (k — 2)Vg., where k is the number of 


(a) Three-level. (b) Four-level. 


Fig. 7.3. Bridge arm structure of the diode-clamped inverters 


Table 7.1 Switching states 


i State Vao Switch ON Switch OFF 
and corresponding output Se ee A en 
voltages of the diode-clamped 1 Vac Sai and Sq2 Sa3 and Sa4 
three-level inverter 2 0 Sq2 and S$q3 Sai and Sq4 

3 —Vac Sa3 and Sa Sal and Sa 
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Fig. 7.4 Single-phase flying-capacitor three-level inverter 


Table 7.2 Switching states 


: State Switch ON 
and corresponding output Vaa' 
voltages of the single-phase 1 —Wee | 81,89, 85, 86 
flying-capacitor three-level 
inverter —Vac | $1, 53, 55, S6 or Si, S2, So, Sg 
0 53, S4, S5, So, or S1, S2, $7, Sg, or S1, S3, 
So, Sg 


Vac 53, 54, So, Sg, or S1, 53, 57, Sg 
Wace 53, S4, 57, Sg 


levels and k > 3; therefore, it is not practical for an inverter with an output level 
greater than 5. 


7.1.2 Flying-Capacitor Multilevel Inverter 


The single-phase flying-capacitor three-level inverter is illustrated in Fig. 7.4, and its 
switching states and corresponding output voltages are summarized in Table 7.2 [4]. 
It can be seen from Table 7.2 that the output voltage vgq = 2Va- when the switching 
devices $3, S4, $7, and Sg are turned on, while the output voltage vgq = —2Vac when 
S,, S2, Ss, and S¢ are turned on. Similarly, other output levels +Vy., 0 and — Vg, can 
be obtained by the device conduction laws in Table 7.2. 

Compared with the diode-clamped multilevel inverters, the flying-capacitor mul- 
tilevel inverters have the following problems: (1) the voltages on the capacitors are 
not equal, and the control of capacitor voltage is more difficult than the diode-clamp 
type; (2) the voltage of each capacitor is high, and the capacitance rating is generally 
larger than that of the diode-clamped multilevel inverter. 
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Fig. 7.5 Three-phase cascaded-bridge seven-level inverter 


7.1.3 Cascaded-Bridge Multilevel Inverter 


The three-phase cascaded-bridge seven-level inverter is shown in Fig. 7.5, in which 
each phase consists of three single-phase full-bridge inverter modules. As each full- 
bridge module can generate +V4., 0 and — Vac, there are seven levels for each phase 
output. Therefore, for a multilevel inverter composed of N single-phase full-bridge 
modules cascaded per phase, (2N + 1) output levels can be generated. 

In the cascaded-bridge multilevel inverter, each single-phase full-bridge module 
needs an independent DC power supply, so the capacitor voltage is easy to be con- 
trolled, and the control of each single-phase full-bridge module can be independent. 
However, in order to coordinate control of each module, the control signals between 
the modules need communications. In general, the control of the cascaded-bridge 
multilevel inverters is simpler than that of the diode-clamped types and the flying- 
capacitor types. 
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7.2 Conventional SVPWM for Diode-Clamped Three-Level 
Inverter 


The most commonly used diode-clamped three-level inverter is illustrated in Fig. 7.6, 
whose phase output is connected to the load via an LC filter. 

The operating modes and the corresponding voltage space vectors of the diode- 
clamped three-level inverter under conventional SVPWM are listed in Table 7.3 
[S5—7]. Among the switch vectors, switch vector “2” corresponds to state 1 in Table 7.1, 
and the phase output voltage of the bridge arm is vx. = vue , where x = a,b,c; 
switch vector “1” corresponds to state 2, and vx, = 0; switch vector “0” corresponds 
to state 3, and vy, = — fh According to Table 7.3, there are 27 voltage space 
vectors corresponding to 27 operating modes, including 12 small vectors, six medium 
vectors, six large vectors, and three zero vectors. The distribution of all voltage vectors 
on the complex plane is shown in Fig. 7.7. 

Unlike the two-level inverter which has only one kind of nonzero voltage vector, 
the output voltage vector of the diode-clamped three-level inverter can be composed 
of three kinds of vectors of different magnitudes, that is the large vector, the medium 
vector, and the small vector. The used vectors depend on the sector to which the 
reference voltage vector belongs. 

As shown in Fig. 7.7, the complex plane can be divided into large sectors and small 
sectors by the voltage space vectors of the diode-clamped three-level inverter. The 
traditional six sectors, I, II, III, IV, V, and VI, can be considered as the large sectors, 


Fig. 7.6 Three-phase diode-clamped three-level inverter 
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Fig. 7.7 Distribution of voltage space vectors of the three-phase diode-clamped three-level inverter 


Fig. 7.8 Distribution of 
small sectors in large sector I 


AB 
V.20 (220) 


V26 (111) 


V5, (100)/V.7 (211) 


and each large sector can be further divided into six small sectors. The distribution 
of small sectors in large sector I is illustrated in Fig. 7.8. 
To determine which specific small sector of a large sector the reference voltage 


Vref is located in, the following equations can be used in accompany with | V;er| and 
@. The criterion of small sectors has been summarized in Table 7.4. Assuming that 
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Table 7.4 Criterions of small sectors under conventional SVPWM 

Small sector Equation (7.2) Equation (7.3) Equation (7.4) Equation (7.5) 

® True - - True 

®@ True - - False 

©) False False False True 

i) False False False False 

©) False - True - 

© False True - - 

of =0-&- N= (7.1) 


where k = 1, 2,3, 4,5, 6 indicates the large sector in which the reference voltage 
locates. 


3 Vac 
vo 6! + 2 sno < a (7.2) 
3 Vis 
vs (o 6’ - af sno! >= (7.3) 
3 
[Vjeel sin 6! > a (74) 
6’ > 1/6 (7.5) 


The following two conditions must be observed to reduce the switching loss, when 
synthesizing the reference voltage vector by basic voltage vectors. 

Condition 1: Only one switch is switched during state transition, which means 
that the transition from switch vector “O” to switch vector “2” and vice versa is not 
allowed. 

Condition 2: The final state of present switching cycle will be the same as the 
initial state of the next switching cycle. 

Considering the above switching conditions of the diode-clamped three-level 
inverter, the seven-segment switching sequences for each sector are listed in Table 7.5. 
Since the diode-clamped three-level inverter has redundant vectors, for example, 
small vectors 100 and 211 have the same magnitude and phase angle, the selection 
of the switching sequence has a large degree of freedom, and Table 7.5 only provides 
a conventional SVPWM method selected in this chapter. 
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Table 7.5 Switching sequences of conventional SVPWM 


Large sector 


I 


Small sector 


Switching sequence 
110-111-211-221-211-111-110 
100-110-111-211-111-110-100 


110-210-211-221-211-210-110 


100-110-210-211-210-110-100 


110-210-220-221-220-210-110 


100-200-210-211-210-200-100 


II 


121-111-110-010-110-111-121 


110-111-121-221-121-111-110 


010-110-120-121-120-110-010 


110-120-210-211-210-110-100 


010-020-120-121-120-020-010 


110-120-220-221-220-120-110 


Il 


IV 


010-011-111-121-111-011-010 


O11-111-121-122-121-111-011 


011-021-121-122-121-021-011 


010-011-021-121-021-011-010 


011-021-022-122-022-021-011 


010-020-021-121-021-020-020 
O11-111-112-122-112-111-011 


001-01 1-111-112-111-011-001 


001-01 1-012-112-012-011-001 


011-012-112-122-112-012-011 


001-002-012-112-012-002-001 


011-012-022-122-022-012-011 


001-101-111-112-111-101-001 
101-111-112-212-112-111-101 


101-102-112-212-112-102-101 


001-101-102-112-102-101-001 


101-102-202-212-202-102-101 


001-002-102-112-102-002-001 


VI 


101-111-211-212-211-111-101 


100-101-111-211-111-101-100 


100-101-201-211-201-101-100 


101-201-211-212-211-201-101 


100-200-201-211-201-200-100 


©|/@| ©] 6/0] O/ ©| @/ ©| ©] ©] GO| ©] ©] ©| ©] ©/ EO] ©/ ©| © | ©| ©] GO} O/ ©) | O/ OE} 4/EO|}@/6|O|O/O 


101-201-202-212-202-201-101 


126 7 m-Mode SVPWM for Multilevel Inverter 


7.3. m-Mode SVPWM for Diode-Clamped Three-Level 
Inverter 


7.3.1 Switched Linear System Model 


For the diode-clamped three-level inverter shown in Fig. 7.6, the currents flowing 
through the filter inductors i,, i,,i., and the voltages across the filter capacitors 
Va, Up, Ve are selected as the state variables, that is, x = [ig, ip, ic, Ua, Up, Uc]. For the 
sake of analysis, it is assumed that the capacitance of all capacitors, the inductance of 
all inductors, and the resistance of all resistors are equal, thatis, Cg = Cp = C, = C, 
Ee Ly Le = Lyra = rp = fe = r and R,z = Ry, = R. = R. Therefore, the 
switched linear system model of the diode-clamped three-level inverter similar to 
Eq. (2.1) can be obtained, where 


-- 0 0 -+ 0 0 
0--0 0 -+ 0 
0 0-4 0 0 -+ 
Aj =: =A = i i (7.6) 
+ 00-7 0 O 
040 0-4 0 
00 4 0 0 ~~ 
T 
B,=[0-+-3000] (7.7) 
B.=[00- 000]. (7.8) 
T 
B3=[-+ 0-000] (7.9) 
By=[- 00000]. (7.10) 
T 
Bs =[-+ -4+ 0000] (7.11) 
iT 
Bo =[0-+ 0000] (7.12) 
T 
B;=[7 00000] (7.13) 
Bs =[+ +0000] (7.14) 
T 
By =[0 7 0000] (7.15) 
Bo=[0+ +000]. (7.16) 


Bi =[00 +000] (7.17) 
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Bo=[+0 +000] 


Bo =[s7 a 37 000) 


T 
Bx =(-2 2 £000] 


Bos =[000000] 
T 
Bu =[-37 -27 —37 0004 
000001 


Ci =---=Cxa =|000010 
000100 
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(7.18) 
(7.19) 
(7.20) 
(7.21) 


(7.22) 


(7.23) 
(7.24) 
(7.25) 
(7.26) 
(7.27) 
(7.28) 
(7.29) 
(7.30) 
(7.31) 
(7.32) 


(7.33) 


(7.34) 


According to the Controllability Criterion 2.1 for power converters, the controllability 
analysis of the diode-clamped three-level inverter will be carried out in this section. 
Since the operating modes 25, 26, and 27 represent for the zero voltage vectors, the 
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number of effective operating modes is 24, and the matrix corresponding to Eq. (2.6) 
can be constructed as below [8]. 


[Bi, .a84g Bog, A,B, wees AB, ones arg A, Bog, ie8 9) Ar4 Bog, 
ATB,,..., A1A4Bi,..., A{Boa,..., Ar Arg Bus, --., (7.35) 
ADB,,..., A?ArgBi,..., A5ZA1 Bas, ..., A534 Boal 
That is, 
[B, Ay, Ao, ..., Ars] (7.36) 


According to Eqs. (7.7)-(7.30), it is obvious that B= [B,, By..., Bog] is non- 


full rank, while Al = [A,B, AB, dered Ans B] is a matrix of 6 x 247+ dimensions, 
and it is easy to calculate out that its rank equals the number of state variables, that 
is 


rank[A,] = p = 6 (7.37) 


which means that the diode-clamped three-level inverter is state controllable [9]. 

Based on Eq. (2.8), seven control variables can be generated when the number 
of operating modes m= 3 is selected, which is greater than the number of state 
variables of the inverter. Therefore, the minimum number of the operating modes of 
the diode-clamped three-level inverter is 3. Referring to the control strategies of the 
three-phase four-wire inverter in Chap. 3, three symmetric vectors or operating modes 
of the diode-clamped three-level inverter can be selected to form a new switching 
sequence. For example, the small vector combinations include o € (1,3,5),0 € 
(2,4, 6), 0 € (7,9, 11) ando é€ (8, 10, 12); the medium vector combinations are 
o € (13, 15,17) ando e (14, 16, 18); and the large vector combinations are o € 
(19, 21, 23) and o € (20, 22, 24). The corresponding voltage space vectors of the 
above vector combinations are shown in Fig. 7.9. 

The ranks of the matrixes under the abovementioned switching sequences are 
calculated as follows, which prove that the diode-clamped three-level inverter is 
3-mode controllable: 


rank[ B,, B3, Bs, A, By, A3B,, As By, A Bs, 


(7.38) 
A3B3, As B3, A, Bs, A3Bs, As Bs] = 6 
rank[ By, By, Be, Ar By, A4Bo, Ag Bo, Ar Ba, (7.39) 
A4 By, Ap Ba, ArBo, As Bo, Ao Bo] = 6 
rank[_B7, Bo, By,, A7B7, Ao B7, Aj, B7, A7Bo, (7.40) 
Ag Bo, Ai, Bo, A7 By, Ao By, A11 Bi] = 6 
rank[ Bg, Bio, Biz, Ag Bg, A1o Bg, Ai2 Bg, Ag Bio, (7.41) 


Ajo Bio, A12 Bio, Ag Bi2, A1oBi2, Ai2Bi2] = 6 
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Fig. 7.9 Vector distributions of 3-mode SVPWMs 
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rank[B)3, Bys, By7, A13B13, Ais B13, A17 B13, A13 Bis, 


(7.42) 
Ais Bys5, Ai7 Bis, A13 B17, AisBi7, Ai7 B17] = 6 
rank[Bi4, Bye, Big, A14Bi4, Ajo Bia, Aig Bi4, A14 Bio, (7.43) 
Ai Bi6, Aig Bie, Ai4Big, Ato Big, Aig Bis] = 6 
rank[Bj9, Bz), B23, Ajo Bio, A21 Big, A23.Bi9, A19 Bai, (7.44) 
A>) Bo), A23B21, Aj9 B23, A21 B23, Ar3 B23] = 6 
rank[ B29, B22, B24, A290 B20, A22 Bro, A24.B20, A20 B22, (7.45) 


A22 Bx2, Ar4 Boz, A29 B24, A22 Brg, Ar4 Brg] = 6 


Since the three-level inverter requires the switching state of the bridge arm to 
switch between two adjacent states, that is, only the switching transitions between 0 
and 1, or 1 and 2 are allowed, and there is no transition between 0 and 2. Therefore, it 
is necessary to insert a suitable zero voltage vector in the 3-mode SVPWM scheme to 
obtain a continuous switching sequence, although the above eight 3-mode SVPWM 
schemes can satisfy the controllability criterion. For example, by inserting a zero 
voltage vector 000 in the 3-mode SVPWM I, a continuous switching sequence like 
100-000-010, 010-000-001, 001-000-100 can be obtained. However, in the 3-mode 
SVPWMs V-VIII shown in Fig. 7.9e—h, three bridge arms are all involved in each 
switching process at the same time, which will increase the number of switching 
times and the complexity of the control algorithm. As a result, 3-mode SVPWMs 
V-VIII are not recommended [9]. 

The 3-mode SVPWMs I-IV shown in Fig. 7.9a—d are used to verify their feasibility 
in the simulation, where the DC voltage Vac is set to be 200 V, the fundamental 
frequency of output voltage is 50 Hz. The output line voltage and phase voltage 
waveforms are shown in Fig. 7.10. It can be seen that only three operating modes 
are needed to generate a sinusoidal line voltage waveform, which proves that the 
diode-clamped three-level inverter is complete state controllable by using only three 
nonzero voltage vectors. 


7.3.3 9-Mode SVPWM 


According to the m-mode controllability definition, 3-mode SVPWM is only one 
of many m-mode SVPWMs for the diode-clamped three-level inverter, and it is the 
one containing least modes. However, since the 3-mode SVPWM only uses a single 
type of voltage vector, the output phase voltage contains only two levels without the 
characteristics of three levels. In order to achieve the multilevel output characteristics, 
it is necessary to adopt different types of voltage vector in the mode combination 
scheme, that is, to adopt different types of operating modes to construct SVPWM. 
Considering the principle of producing three-level voltage and the switching con- 
ditions to minimize the number of switching times, the small vectors in Fig. 7.9a 
can be combined with the large vectors in Fig. 7.9g, or the small vectors in Fig. 7.9c 
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Fig. 7.10 Simulation results of the diode-clamped three-level inverter with 3-mode SVPWMs 


(c) 3-mode SVPWM III. 
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Fig. 7.11 Vector distribution of typical 6-mode SVPWMs 


combined with the large vectors in Fig. 7.9h, to obtain two kinds of 6-mode SVP- 
WMs as shown in Fig. 7.11. The rank of the controllability matrix of diode-clamped 
three-level inverter under 6-mode SVPWM is calculated as below: 


rank[ By, B3, Bs, Bio, B21, B23, A, Bi, ..., A23B,, A, B3,...A23B3,..., A273 B23 | =6 
(7.46) 

rank[ Bg, Bio, Bi2, B29, B22, Bos, Ag Bg, ..., A24.Bg, Ag Bio, ...A24Bio,..., A24Bo4] = 6 
(7.47) 
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Fig. 7.12 Vector distribution of 9-mode SVPWMs 


Therefore, the diode-clamped three-level inverter is 6-mode controllable. 

In the 6-mode SVPWM schemes shown in Fig. 7.11, the complex plane is divided 
into three large sectors, similar to the 3-mode SVPWM of three-phase four-wire 
inverter, the current imbalance problem between upper and lower arms is inevitable. 
Therefore, three small vectors of different phases can be added to the 6-mode 
SVPWM, then two kinds of 9-mode SVPWM can be obtained, which are shown 
in Fig. 7.12a, b. 

Both 9-mode SVPWM I and 9-mode SVPWM II are the combinations of six 
small vectors and three large vectors. In fact, the combination of six small vectors 
and three medium vectors can also satisfy the three-level output characteristics. Under 
the premise of reducing the number of switching times when synthesizing the voltage 
vector, the other two kinds of 9-mode SVPWMs are shown in Fig. 7.12c, d. 
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Fig. 7.13 Simulation results of the diode-clamped three-level inverter with 9-mode SVPWM I 


Simulation results by using the 9-mode SVPWMs are shown in Figs. 7.13, 7.14, 
7.15 and 7.16. It can be seen that the three-level output of the phase voltage can be 
achieved, which satisfies the output requirements of the three-level inverter. How- 
ever, due to the phenomenon that the output phase voltage is partially clamped, the 
line voltage waveform has an asymmetrical distortion and the harmonic content is 
relatively large. 


7.3.4 12-Mode SVPWM 


In order to solve the shortcomings of 9-mode SVPWM, the operating modes of the 
inverter can be further increased on the basis of 9-mode SVPWM, to supplement 
the missing modulation regions, and the modulation degree can be increased as a 
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Fig. 7.14 Simulation results of the diode-clamped three-level inverter with 9- mode SVPWM II 


result. Since the phases of the medium vector and the small vector are inconsistent, 
six medium vectors and six small vectors can be selected and combined to make 
the basic voltage vector distribution on the complex plane more uniform. The vector 
distribution of 12-mode SVPWM is shown in Fig. 7.17, the 12 basic voltage vec- 
tors form a regular hexagonal modulation area, which is larger than the triangular 
modulation area of 9-mode SVPWMs. 

The simulated waveform of the diode-clamped three-level inverter with 12-mode 
SVPWM is shown in Fig. 7.18. 

Obviously, the phase voltage not only has three-level characteristics but also has 
high symmetry. In addition, the fundamental voltage content of the line voltage is 
higher than that of 9-mode SVPWMs, and the harmonic content is much lower than 
that of 9-mode SVPWMs, concentrated near the switching frequency. The low-order 
harmonic content is less, and the harmonics are easy to be filtered. 
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Fig. 7.15 Simulation results of the diode-clamped three-level inverter with 9-mode SVPWM III 


7.3.5 18-Mode SVPWM 


Although the modulation ratio of 12-mode SVPWM is much higher than that of the 
9-mode SVPWM,, it is still lower than the conventional SVPWM. The reason is that 
the 12-mode SVPWM only uses the medium and small vectors. In order to further 
increase the modulation ratio to a level consistent with the conventional SVPWM, it 
is necessary to add large vectors to the current 12-mode SVPWM. 

Therefore, an 18-mode SVPWM consists of six small vectors, six medium vectors, 
and six large vectors, which form three regular hexagons in the complex plane to 
obtain a modulation range similar to that of the conventional SVPWM. Since there 
are only six large vectors and six medium vectors, there is no redundant combination 
of large vectors and medium vectors. The type of 18-mode SVPWM depends on the 
combination of small vectors. Obviously, there are four combinations among 12 small 
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Fig. 7.16 Simulation results of the diode-clamped three-level inverter with 9-mode SVPWM IV 


vectors by considering their symmetry, and the corresponding vector distribution of 
18-mode SVPWMs is shown in Fig. 7.19. 

By analyzing the vector distribution of 18-mode SVPWM, it is found that the 
small sectors of 18-mode SVPWMs I and II are composed of continuous switching 
vectors, that is, only one phase signal differs between two adjacent voltage vectors, 
for example, the small vectors 211 and 221 as shown in Fig. 7.19a, and 100 and 110 in 
Fig. 7.19b. Therefore, two small vectors can be directly switched when synthesizing 
the voltage vector, and only one phase bridge arm is involved in the switching process. 
In the 18-mode SVPWM III shown in Fig. 7.19c, there are two different switching 
states between any two adjacent small vectors, such as small vectors 211 and 110. 
By inserting zero voltage vector 111, the switching times and voltage spikes of the 
switch can be effectively reduced. In the 18-mode SVPWM IV shown in Fig. 7.19d, 
there are three-phase signal different between the adjacent small vectors, such as 
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small vectors 100 and 221, then two or three-phase bridge arms are involved in 
the switching process. As a result, 18-mode SVPWM IV scheme is not practical, 
because its number of switching times is significantly higher than that of the other 
three 18-mode SVPWMs. 

In the following parts, the 18-mode SVPWM Lis taken as an example to illustrate 
how to synthesize the reference voltage vector. Since 18-mode SVPWM only adopts 
18 nonzero voltage vectors, each large sector can only be divided into 4 equilateral 
triangle regions of the same equal size. The division method of the small regions in 
sector I is shown in Fig. 7.20, and the number of small sectors is reduced from six 
in the traditional SVPWM to four in 18-mode SVPWM. 

The region in which the reference voltage vector locates is determined as follows. 
If Eq. (7.2) is established, then the reference vector locates in region R,. If Eq. (7.3) 
is established, then the reference vector locates in region Ra. If neither of the above 
two equations is true, but Eq. (7.4) is established, then the reference vector locates 
in region R3, otherwise in region Rp. 

After the specific sector in which the reference voltage vector locates is known, 
the reference voltage vector can be synthesized by the three adjacent basic voltage 


vectors, vs V y and V.. According to the parallelogram rule, we have 


Ve avy hay ever (7.48) 
Ts = Ty + Ty + T, 


where T,, 7, and T, are the duration time of Vi V y and Ve respectively. 
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Fig. 7.18 Simulation results of the diode-clamped three-level inverter with 12-mode SVPWM 
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Fig. 7.19 Vector distribution of 18-mode SVPWMs 
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Fig. 7.20 Small region 
distribution of 18-mode 
SVPWM in large sector I 
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Unlike the two-level inverter, such as the three-phase four-wire inverter, the zero 
voltage vector is not necessary among the three basic voltage vectors which are 
required to form a reference voltage in Eq. (7.48). Taking the large sector I as an 
example, the switching sequences corresponding to four small regions are shown in 
Fig. 7.21. 

Referring to the calculation method of vector duration time in the previous 
chapters, the duration time of each voltage vector in Fig. 7.21 can obtained by 
Eqs. (7.49)-(7.52). The duration time calculation in other sectors is basically the 
same. 


Ty7 = Hi(3 cos¢ = v3sin6) - T, 
Lie 2/3 yet sin 6 - T, , for RegionR, (7.49) 
T3206 = Ts — Ts7 — Tsg 
Ty = 7! (3 cos6 + V3sin 8) -T; 
fee et (-3 beste: V3siné) .T, » for RegionR, (7.50) 
Ts13 = Ts — Ts7 — Tsg 
Tyg = Hi(3cos4 + /3sin#) -T; 
Ces or = H(3 cos 6 + 34/3 sin 6) .T, > for RegionR; (7.51) 
Ts99 = T; — Tsg — Ts13 
a Ht (3.cos 4 +39/3siné) oi 
Tae 2/3 yet sin 6 - T, , for RegionR4 (7.52) 
Ts19 = Ts — Ts7 — Ts13 
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Fig. 7.21 Switching sequences of 18-mode SVPWM I in large sector I 


In summary, when the 18-mode SVPWM Lis applied to the diode-clamped three- 
level inverter, the corresponding switching sequences are listed in Table 7.6. Simi- 
larly, the switching sequences of 18-mode SVPWM II and III are given in Tables 7.7 
and 7.8, respectively. 

Simulation waveforms of output line voltage and phase voltage are shown in 
Figs. 7.22, 7.23 and 7.24, to verify the above three 18-mode SVPWMs of the diode- 
clamped three-level inverter. It is shown that when 18-mode SVPWMs [| and II are 
used, the output phase voltage is positive—negative asymmetrical, and the midpoint 
potential is easy to shift. However, both the phase voltage and line voltage of 18- 
modes SVPWM III are positive—negative symmetrical, so it is more practical in 
applications. 
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Table 7.6 Switching sequences of 18-mode SVPWM I 


Sector Region Switching sequences _| Sector Region Switching sequences 
I Ri 221-211-111-211-221 |IV Ri 122-112-111-112-122 
Ro 221-211-210-211-221 Ro 122-112-012-112-122 
R3 221-220-210-220-221 R3 112-012-002-012-112 
Rq 211-210-200-210-211 R4 122-022-012-022-122 
II Ri 221-121-111-121-221 | V Ry 212-112-111-112-212 
Ro 221-121-120-121-221 Ro 212-112-102-112-212 
R3 121-120-020-120-121 R3 212-202-102-202-212 
R4 221-220-120-220-221 R4 112-102-002-102-112 
Ill Ri 122-121-111-121-122 | VI Ry 212-211-111-211-212 
Ro 122-121-021-121-122 Ro 212-211-201-211-212 
R3 122-022-021-022-122 R3 211-201-200-201-211 
R4 121-021-020-021-121 R4 212-202-201-202-212 
Table 7.7 Switching sequences of 18-mode SVPWM II 
Sector Region Switching sequences _| Sector Region Switching sequences 
I Ry 100-110-111-110-100 | IV Ry 001-011-111-011-001 
Ro 100-110-210-110-100 Ro 001-011-012-011-001 
R3 110-210-220-210-110 R3 001-002-012-002-001 
R4 100-200-210-200-100 R4 011-012-022-012-011 
II Ri 010-110-111-110-010 | V Ri 001-101-111-101-001 
R2 010-110-120-110-010 R2 001-101-102-101-001 
R3 010-020-120-020-010 R3 101-102-202-102-101 
R4 110-120-220-120-110 R4 001-002-102-002-001 
Il Ri 010-011-111-011-010 | VI Ri 100-101-111-101-100 
Ro 010-011-021-011-010 Ro 100-101-201-101-100 
R3 011-021-022-021-011 R3 100-200-201-200-100 
R4 010-020-021-020-010 Rg 101-201-202-201-101 


7.4 Comparison of m-Mode SVPWM and Conventional 


SVPWM 


In order to further understand the characteristics of the m-mode SVPWM, this section 
will compare several m-mode SVPWMs proposed in Sect. 7.3 with the conventional 
SVPWM in Sect. 7.2 comprehensively. 
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Table 7.8 Switching sequences of 18-mode SVPWM III 


Sector Region Switching sequences _| Sector Region Switching sequences 
I Ri 211-111-110-111-211 |IV Ri O11-111-112-111-011 
Ro 211-210-110-210-211 Ro 011-012-112-012-011 
R3 110-210-220-210-110 R3 112-012-002-012-112 
R4 211-210-200-210-211 R4 011-012-022-012-011 
II Rj 110-111-121-111-110 | V Ri 112-111-101-111-112 
Ro 110-120-121-120-110 Ro 112-102-101-102-112 
R3 121-120-020-120-121 R3 101-102-202-102-101 
R4 110-120-220-120-110 R4 112-102-002-102-112 
Il Ry 121-111-011-111-121 | VI Ry 101-111-211-111-101 
Ro 121-021-011-021-121 Ro 101-201-211-201-101 
R3 011-021-022-021-011 R3 211-201-200-201-211 
R4 121-021-020-021-121 R4 101-201-201-201-101 


7.4.1 DC Voltage Utilization 


Since 9-mode SVPWMs I and II only use three large vectors and six small vectors, 


the maximum amplitude of reference voltage vector is vue Correspondingly, the 


maximum modulation index of 9-mode SVPWMs I and II is 


I Viet I: + Vac u 
= = =—, for 9-modeSVPWMs Iand II (7.53) 
2Viac Vac 6 


M 


In 9-mode SVPWMs III and IV, three medium vectors and six small vectors 
are used, so the maximum amplitude of reference vector is ae, As a result, the 
maximum modulation index of 9-mode SVPWMs III and IV is 


Veer Vee V3 


M= a = > 
2Vac 2 Vac 12 


for 9-modeSVPWMs III and IV (7.54) 


As six small vectors and six medium vectors are used in 12-mode SVPWM, the 
maximum modulation range is the regular hexagon surrounded by the medium vec- 


tors. Therefore, the maximum amplitude of reference vector is ue: , and the maximum 
modulation index of 12-mode SVPWM is 
Vie I: 1 Vy. fe 
Ma 2h 72 7% toe 12-modeSVPWM (7.55) 


~ Was Va 4’ 


The modulation range of 18-mode SVPWM is a regular hexagon formed by six 
large vectors, because six small vectors, six medium vectors, and six large vectors 
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Fig. 7.22 Simulation results of the diode-clamped three-level inverter with 18-mode SVPWM I 


are adopted by 18-mode SVPWM. Therefore, the maximum amplitude of reference 
vector in 18-mode SVPWM is the same as that of conventional SVPWM, which is 
= Vac and the maximum index is 


Veer — 1 BVec _ J 37 


= = = , for 8-mode SVPWM 7.56 
Wa. We 6 or 8-mode ( ) 


The maximum modulation indexes of the diode-clamped three-level inverter with 
different SVPWM strategies are summarized in Table 7.9. It can be found that the DC 
voltage utilization of 18-mode SVPWM is the same as that of conventional SVPWM. 
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Fig. 7.23 Simulation results of the diode-clamped three-level inverter with 18-mode SVPWM II 


Table 7.9 Comparison of 
maximum modulation index 
under different SVPWMs 


Modulation strategy 
9-mode SVPWMs | and II 


Maximum modulation index 


9-mode SVPWMs III and IV 


12-mode SVPWM 


18-mode SVPWM 


Conventional SVPWM 


ol alg SIA = AA 
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Fig. 7.24 Simulation results of the diode-clamped three-level inverter with 18-mode SVPWM III 


7.4.2. Total Harmonic Distortion 


When different SVPWM strategies are applied to the diode-clamped three-level 
inverter, the total harmonic content (THD) of the line voltage under different modu- 
lation indexes are listed in Table 7.10. 

It can be seen from Table 7.10 that under the same modulation index, the 18- 
mode SVPWM has little difference from the conventional SVPWM in terms of total 
harmonic distortion of output line voltage. In addition, the 9-mode SVPWM is only 
available in low modulation indexes, and THDs of 9-mode SVPWM IIIs and IV are 
smaller than those of 9-mode SVPWMs I and II, because 9-mode SVPWMs III and 
IV use the medium vectors and small vectors to synthesize the required vector. When 
large modulation indexes are needed, only 12-mode SVPWM and 18-mode SVPWM 
can meet the requirements. However, THDs of 12-mode SVPWM is greater than 
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Table 7.10 Total harmonic distortion (%) of the output line voltage under different SVPWMs 


Modulation M M M M M M M 
strategy ; 0.8 0.7 0.6 0.5 0.4 0.3 0.2 


9-mode SVPWM I 
9-mode SVPWM II 


9-mode SVPWM 
Il 


9-mode SVPWM 
IV 


12-mode SVPWM 


18-mode SVPWM 
I 


18-mode SVPWM 
Il 


18-mode SVPWM 
Til 


Conventional 33.72 | 38.60 |41.98 |46.30 | 68.36 | 94.67 | 130.14 
SVPWM 


- 47.11 |50.12  |55.78 |67.22 |90.80 | 130.12 
33.86 |38.56 |41.93 | 45.61 | 65.69 {94.95 | 134.08 


33.85 |38.51 |41.98 | 45.34 | 66.17 | 95.66 | 133.95 


33.78 |38.60 |41.91 | 44.79 | 63.78 | 90.77 | 130.02 


those of 18-mode SVPWM, because large vectors are not used in 12-mode SVPWM 
to synthesize the required voltage vector. 


7.4.3 Efficiency Analysis 


The switching sequences and switching times of 18-mode SVPWM III and conven- 
tional SVPWM are listed in Table 7.11. It can be found that the 18-mode SVPWM 
does not use redundant small vectors, the operating modes involved are less than 
those of the conventional SVPWM, then the switching sequence is shorter and the 
number of switching times in the same small sector is reduced by 8 times from 12 
times of the conventional SVPWM. Since the equivalent switching frequency can be 
reduced by using the 18-mode SVPWM, the efficiency of the inverter is improved 
correspondingly. 


7.4.4 Experimental Verification 


In order to verify the actual modulation effect of the 18-mode SVPWM III, the 
experimental parameters are given in Table 7.12. The phase and line voltages after 
filters are shown in Fig. 7.25. Although the phase voltage is a positive—negative 
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Table 7.11 Switching sequences and number of switching times under different SVPWMs (sector 
D 
Small Conventional SVPWM_ | Num Region 18-mode SVPWM III | Num 
sector 
® 110-111-211-221-211- 12 Ri 211-111-110-111-211 | 8 
111-110 
® 100-110-111-211-111- 12 Ri 211-111-110-111-211 | 8 
110-100 
® 110-210-211-221-211- 12 Ro 211-210-110-210-211 | 8 
210-110 
® 100-110-210-211-210- 12 Ro 211-210-110-210-211 | 8 
110-100 
1) 110-210-220-221-220- 12 R3 110-210-220-210-110 | 8 
210-110 
© 100-200-210-211-210- 12 Rq 211-210-200-210-211 | 8 
200-100 
Total 72 48 
Jal 2 Exeomentl Parameter Value/part number 
parameters 
DC voltage 200 V 
DC capacitance 1800 WF 
Filter resistance 0.25 Q 
Filter inductance 2 mH 
Filter capacitance 20 WF 
Switching frequency 10 kHz 
IGBT BSM100GB60DLC 
Clamped diode MBR20200 


symmetrical flattop wave, the line voltage has a high sine degree, which verifies the 
feasibility of the proposed 18-mode SVPWM III. 

The total harmonic distortion of the line voltage under different modulation 
indexes are listed in Table 7.13, it is found that THD of the 18-mode SVPWM 
II is similar to those of the conventional SVPWM. As shown in Fig. 7.26, under the 
maximum modulation index, the fundamental amplitude of the output voltage with 
18-mode SVPWM is the same as that of the conventional SVPWM. The harmonic 
content of 18-mode SVPWM near the switching frequency is slightly higher than 
those of conventional SVPWM, but the harmonic contents at the high frequencies 
are smaller than those of the conventional SVPWM, which is important in reducing 
the EMI of the whole system. 

When the three-phase diode-clamped three-level inverter feeds a three-phase four- 
wire resistive load, the output phase currents are proportional to the phase voltages. 
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Fig. 7.25 Experimental waveforms of the diode-clamped three-level inverter with 18-mode 


SVPWM III (after filter) 


Table 7.13 THD (%) of different modulation indexes 


Modulation strategy M=0.9 M=0.8 M = 0.65 M=0.5 M =0.35 
18-mode SVPWM III | 27.49 34.48 41.28 46.45 80.41 
Conventional SVPWM__ | 27.44 34.46 41.34 46.52 80.23 


In order to avoid duplication of phase voltage and current waveforms, the output 
current waveform without filter and the DC current are depicted in Fig. 7.27. 

Then, the efficiency of the three-phase diode-clamp three-level inverter can be 
calculated under different loads, which is shown in Fig. 7.28. Under the same load 
condition, since the switching frequency of the 18-mode SVPWM III is reduced 
by 1/3 compared with that of the conventional SVPWM, the switching loss of the 
switching device is reduced, and the overall efficiency is higher than that of the 


conventional SVPWM. 
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Fig. 7.26 FFT analysis of line voltage under different SVPWMs 


It can be seen from the experimental results that the modulation range of the 
18-mode SVPWM III is exactly the same as that of the conventional SVPWM; in 
terms of the total harmonic content of the output line voltage, both THDs are very 
close under different modulation indexes; in terms of inverter efficiency, due to the 
small number of operating modes used, the 18-mode SVPWM III under the same 
load condition has less switching times, lower loss, and higher efficiency; in terms 
of algorithm implementation, the 18-mode SVPWM III does not contain redundant 
operating mode, the algorithm is simple and the amount of calculation is reduced. 
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(a) /S-mode SVPWM III. 


* Ide : 2A/div 


la : 2A/div 


Time: 4ms/div 


(b) Conventional SVPWM. 


Fig. 7.27 Experimental waveforms of dc current and output phase current under different SVPWMs 


7.5 Summary 


In this chapter, m-mode SVPWM method is first extended to the multilevel invert- 
ers. The three-phase diode-clamped three-level inverter is taken as an example to 
describe the controllability of m-mode SVPWM. Several typical m-mode SVPWM 
strategies are deduced in detail, including 3-mode SVPWMs, 6-mode SVPWMs, 9- 
mode SVPWMs, 12-mode SVPWMs, and 18-mode SVPWMs. The simulation and 
experimental results show that compared with the conventional SVPWM strategy, 
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Fig. 7.28 Efficiency under different SVPWMs 


the m-mode SVPWM strategy can effectively reduce the difficulty of the modulation 
strategy, simplify the switching sequence, and ultimately improve the efficiency of 
the inverter. 
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Chapter 8 M®) 
m-Mode Controllability Applying crest 
to Modular Multilevel Converter 


Modular multilevel converter (MMC) [1] is one kind of converters suitable for high 
voltage occasion. However, when the number of sub-modules increases as the voltage 
level increases, the SVPWM for MMC becomes very complex. Though using m- 
mode SVPWM can simplify the modulation strategy, a lot of calculation time is still 
needed in practice [2, 3]. Therefore, different from the previously proposed m-mode 
SVPWM strategies for inverters, this chapter first simplifies the topology of MMC 
sub-modules based on m-mode state controllability theory, thereby simplify the PWM 
strategy for MMC, which provides a new idea for the application of m-mode state 
controllability in the inverter. 


8.1 m-Mode Controllability of Modular Multilevel 
Converter 


A three-phase MMC inverter is shown in Fig. 8.1, in which several sub-modules are 
connected in series in each arm. There are mainly three types of sub-module: one is 
the full-bridge sub-module; the second is the half-bridge sub-module; the third is the 
clamped double-half-bridge sub-module. Among them, the most commonly used is 
the full-bridge sub-module. 

When the full-bridge sub-module is used in MMC, the equivalent circuit of single- 
phase bridge arm is shown in Fig. 8.2. Since the full-bridge sub-module consists of 
four power switches, each of them include one IGBT and one antiparallel power 
diode, there are theoretically 24 = 16 possible operating modes. Excluding the 
abnormal operating modes and the fault blocking operating modes, there are eight 
effective operating modes, which are listed in Table 8.1, and the corresponding equiv- 
alent circuits are shown in Fig. 8.3. 

According to the aforementioned m-mode controllability theory of power con- 
verter, some operating modes of the converter can be selected to form a new switch- 
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Fig. 8.1 Modular multilevel converter 


SMuqvs1) 


Fig. 8.2. Equivalent circuit of single-phase MMC bridge arm with full-bridge sub-module 


Table 8.1 Operating modes and corresponding switching states of full-bridge sub-module 


Mode | 7 T2 T3 T4 D D2 it Csm 

1 OFF |OFF |OFF |OFF |ON | OFF Positive | Charging 

2 OFF |OFF |OFF |OFF |OFF | ON Negative | Charging 

3 OFF | ON ON OFF | OFF | OFF Positive | Discharging 
4 ON OFF |OFF | ON OFF | OFF Negative | Discharging 
5 OFF |OFF | ON OFF | OFF | OFF Positive | Bypass 

6 ON OFF |OFF |OFF |OFF | ON Negative | Bypass 

7 OFF | ON OFF |OFF | ON OFF Positive | Bypass 

8 OFF |OFF |OFF | ON OFF | OFF Negative | Bypass 
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Fig. 8.3. Operating modes 
of single-phase MMC bridge 
arm with full-bridge 
sub-module 


(b) Operating mode 2. 


(c) Operating mode 3. 


OLE 


(d) Operating mode 4. 
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Fig. 8.3. (continued) 


(e) Operating mode 5. 


(h) Operating mode 8. 
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ing sequence, the converter is controllable if the rank of the corresponding switched 
linear model is equal to the number of state variables. 

In order to analyze the controllability of MMC, the equivalent circuit of single- 
phase MMC bridge arm with full-bridge sub-module shown in Fig. 8.2 are taken 
as an example. The current iz flowing through the filter inductor and the voltage v, 
across the filter capacitor is selected as the state variables, which is x = [iz, vel". 
With respect to the operating principle of MMC and neglecting power feedback, four 
operating modes whose load current is positive are selected to form a new switching 
sequence with switching variable o € (1, 3, 5, 7). The corresponding state equations 
are determined by 


di 
Vac — Vsm = Lat +0 
en , forMode 1 (8.1) 
in =CGS+ ie 

di 
Vac + Vem = Lit + v 
ee de"  forMode 3 (8.2) 
waO rts 
Vac = L&E + v¢ 
; ae a for Modes 5 and 7 (8.3) 
ip = CGE + 


Based on Eggs. (8.1)-(8.3), the state controllability matrix corresponding to 
Eq. (2.6) is constructed as below. 


[B), B3, Bs, By, A, By,..., A7By,..., A, By,..., A7By, 


ATBi,..., A, A7Bi,..., A{B7,..., A1A7Br,..., 
AjBi,..., A}A7Bi,..., ATA7B7, ..., AZ By] (8.4) 
where 
g —1 
A; = A3= As = Aq k L (8.5) 
Cc RC 
Vac VSM 
a=| ; (8.6) 
VactVSM 
B= L 8.7 
3 0 (8.7) 
Vie 
Bs= By =| i (8.8) 


Substituting Eqs. (8.5)—(8.8) into Eq. (8.4), itis obvious that B= [B,, B3, Bs, By] 


is a matrix of non-full rank, A = E B, A3B, AsB, Aq B| is of 2 x 42 dimensions, 
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and it is easy to calculate its rank is equal to the number of state variables of single- 
phase MMC bridge arm equivalent circuit, that is 


rank [Ai] =p=2 (8.9) 


Therefore, the single-phase MMC bridge arm equivalent circuit is state control- 
lable, and it can be controlled only by operating modes 1, 3, 5, and 7. 


8.2 Construction of Simplified MMC Sub-module Based 
on m-Mode Controllability 


In the previous section, the m-mode controllability of MMC inverter has been proved 
and four operating modes (1, 3, 5, and 7) can achieve the control of system. Further- 
more, it is found that not all switching devices are involved in the operating process, 
for example, switches T; and T4 remain OFF, and diodes D2 and D3 remain OFF all 
the time. If some unused devices inside the full-bridge sub-module are removed, the 
MMC inverter is still controllable as long as the equivalent circuits or current paths 
corresponding to the operating modes 1, 3, 5, and 7 do not change. Therefore, the 
m-mode state controllability principle can be used to optimize the internal structure 
of the MMC sub-module, propose a new MMC sub-module structure to simplify the 
PWM strategy of the MMC inverter. 

Based on the switching states corresponding to operating modes 1, 3, 5, and 7 
listed in Table 8.1, the proposed simplified MMC sub-module is shown in Fig. 8.4 
[4], which only has three power switches (or IGBTs) and one power diode. Compared 
with the full-bridge sub-module shown in Fig. 8.2, the original switch T4, diodes D2 
and D3 are removed, only the switches T2, 73, and diode D3 is retained. As the states 
of diodes D; and Dy, are inconsistent in some operating modes, a fully controlled 
switch T, is used to replace diode D, and the connection direction of T; is opposite 
to that of the full-bridge sub-module. 

Keeping the sub-module current isyq be positive and considering the ON-OFF 
combination of switch devices, all operating modes of the simplified MMC sub- 
module can be obtained, the corresponding equivalent circuits are shown in Fig. 8.5 
and the switching states are listed in Table 8.2. 


Fig. 8.4 Topology of the 
simplified MMC sub-module 
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Comparing Figs. 8.3 with 8.5, it can be found that in the operating mode shown in 
Fig. 8.5a, current is flows through T; and D, and charges the module capacitor Cs, 
corresponding to the operating mode | of full-bridge sub-module shown in Fig. 8.3a. 
In the operating mode shown in Fig. 8.5b, ism flows through T3, Tz, and Csm are 
discharged, corresponding to the operating mode 3 of full-bridge sub-module shown 
in Fig. 8.3c. In the operating mode shown in Fig. 8.5c, isy flows through T3, D,, 
and Cs are bypassed, corresponding to mode 5 of full-bridge sub-module shown in 
Fig. 8.3e. In the operating mode shown in Fig. 8.5d, isy flows through 7), T, and 
Csm are bypassed too, corresponding to mode 7 of full-bridge sub-module shown in 
Fig. 8.3g. Consequently, the simplified MMC sub-module can achieve the function of 
full-bridge sub-module, and decrease the use of switching devices, which is beneficial 
to simplify the control of MMC. 


Fig. 8.5 Equivalent circuits 
of the simplified MMC 
sub-module 


(c) Operating mode 3. (d) Operating mode 4. 
Table 8.2 Operating modes Mode | 7} T) T; D4 i oe 
and corresponding switching §=———{———__|_~__|_->_j | 
states of simplified MMC 1 ON OFF |OFF |ON Positive | Charging 
sub-module 2 OFF |ON |ON_ |OFF _|Positive | Discharging 
3 OFF |OFF |ON ON Positive | Bypass 
4 ON ON OFF |OFF | Positive | Bypass 
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8.3. Topology and PWM Strategy of MMC with Simplified 
Sub-module 


From the above analysis, the structure of the sub-module can be simplified based on 
the m-mode controllability of MMC inverter. By adopting the simplified MMC sub- 
module shown in Fig. 8.4, a new single-phase MMC inverter is shown in Fig. 8.6, in 
which the number of sub-modules in each arm is 2. Assuming that the rating voltage 
of sub-module capacitor Csy is Vc, then the input voltage is Vg. = 2Vc. 

If the load is purely resistive, then the relationship among the load voltage vo, 
input voltage Vg, and the output voltage of sub-module is expressed by 


Vo = Vac — (Usmi + Usm2 + UsSM7 + Usms) (8.10) 


or 


Uo = (Usm3 + Usm4 + Usms + Usm6) — Vac (8.11) 


According to Eqs. (8.10) and (8.11), the load voltage is determined by the out- 
put voltages of the four sub-modules involved in the operation. Assuming that all 
sub-modules in operation only work in charging (discharging) or bypass state, which 
means that the sub-module output voltages are 0 and Vc, or 0 and —V¢c. The rela- 


Fig. 8.6 Single-phase MMC 
with simplified sub-module 
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tionship between the load voltage and sub-module output voltages is summarized in 


Table 8.3. 
Table 8.3 Output voltage of single-phase MMC inverter with simplified sub-module 

VSMI1 VSM2 VSM3 VSM4 VSMS5 VSM6 VSM7 VSM8 Vo 
Ve Ve - - - —Vc —Vc 6Vc 
Ve Ve = = = —Vc 0 5Vc 
Ve Ve - - - 0 —Vc 5Vc 

—Vc 0 - - - - —Vc —Vc 5Vec 

0 Ve Ve Ve 5Vc 
Ve Ve 0 0 4Vc 

—Vc 0 —Vc 0 4Vc 

—Vc 0 - - - - 0 —Vc 4Vc 

0 —Vc - - - - —Vce 0 4Vc 

0 —Ve - - - - 0 —Vc 4Vc 

0 0 Ve Ve 4Vc 

—Ve 0 - - - - 0 0 3Vc 

0 —Vce - - - - 0 0 3Vc 

0 0 —Ve 3Vc 

0 0 0 —Vec 3Vc 

0 0 0 0 2Vc 

Ve Ve - - - - 0 0 0 

Ve 0 Ve 0 0 

Vo 0 - - - - 0 Vo 0 

0 Ve - - - - Ve 0 0 

0 Ve - - - - 0 Ve 0 

0 0 - - - - Ve Ve 0 

- - Ve Ve 0 0 - - 0 

- - Ve 0 Ve 0 - - 0 

- - Ve 0 0 Ve - - 0 

- - 0 Vo Vo 0 - - 0 

- - 0 Ve 0 Ve - - 0 

- - 0 0 Ve Ve - - 0 

- - Ve 0 0 0 - - -Vc 

- - 0 Vo 0 0 - - —Vc 

- - 0 0 Ve 0 - - -Vc 

- - 0 0 0 Ve Ve 

- - 0 0 0 0 2Vc 


(continued) 
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Table 8.3 (continued) 
VSM1 VSM2 VSM3 VSM4 VSM5 VSM6 VSM7 VSM8 Vo 
- = —Vc 0 0 0 3Vec 
- - 0 —Vec 0 0 - - —3Vc 
- - 0 0 —Vc 0 - - —3Vc 
- - 0 0 0 Ve 3Vc 
- - -—Vc -—Vc 0 0 4Vc 
= = Me 0 —Vc 0 - - -4Ve 
- = —Ve 0 0 —Vc - - —4Vc 
= = 0 —Ve —Vc 0 - - —4Vc 
= - —Vec 0 —Vec - - —4Vc 
= = 0 —Vc —Vc - - —4Vc 
- - —Ve —Vc —Vc 0 - - —5Vc 
- - —Vce —Vc 0 —Vce - - —5Vc 
- - —Vec 0 Ve Ve 5Vc 
- - 0 Ve Ve Ve 5Vc 
= = —Ve —Ve —Vc —Vce - - —6Vc 


% 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01 


Fig. 8.7. PWM strategy for the proposed MMC 


From Table 8.3, there are six positive and negative levels of the output voltage for 
single-phase MMC shown in Fig. 8.6. By considering the zero voltage level, there 
are 13 levels in total, that is, the single-phase MMC with simplified sub-module can 
output 13 levels. 

If the carrier disposition PWM is used, the positive half cycle of the sinusoidal 
reference and the triangular carrier waveforms are shown in Fig. 8.7, where the 
amplitude of the sinusoidal reference ranges from — 1 to +1. Since there are six voltage 
intervals of the output voltage in the positive half cycle, which are 0-Vc, Vc—2V¢, ..., 
and 5Vc-6V ¢, six triangular carrier signals are needed. The relevant switches in the 
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sub-module are driven according to the comparison results of the sinusoidal reference 
and the carrier signals. For the negative half cycle of the sinusoidal reference, the 
triangular carriers should be reversed. 


8.4 Simulation Results 


In order to verify the correctness of the above theoretical analysis, a simulation 
model of single-phase MMC inverter based on Fig. 8.6 are constructed in MAT- 
LAB/Simulink. The simulation parameters are set as follows: DC input voltage Va. 
=2Vc = 200 V, load resistance R= 200 &, output fundamental frequency f= 50 Hz, 
and carrier frequency f, = 10 kHz. 
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Fig. 8.8 Five-level output voltage of single-phase MMC with simplified sub-module 
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(b) FFT analysis of the output voltage. 


Fig. 8.9 Thirteen-level output voltage of single-phase MMC with simplified sub-module 


When modulating the single-phase MMC inverter to output only five levels, the 
simulation waveforms are shown in Fig. 8.8. The maximum output voltage is equal to 
the DC input voltage (200 V), and the total harmonic distortion of the output voltage 
is as high as 33.49%. 

When modulating single-phase MMC inverter to output 13 levels, the output 
voltage waveform in Fig. 8.9a has the maximum amplitude which reaches three 
times of the DC input voltage (600 V). The spectrum analysis of the output voltage 
results in the total harmonic distortion rate of only 10.60% as shown in Fig. 8.9b, 
which is much lower than that of the five-level output. 
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8.5 Summary 


Based on the m-mode controllability theory, this chapter discusses the topology 
optimization method of power electronic converters. Taking the MMC converter as 
an example, the m-mode controllability of the full-bridge sub-module is carried out, 
which proves that the full-bridge sub-module is 4-mode controllable. According to 
the controllability result of the full-bridge sub-module, together with the selected 
operating modes of the full-bridge sub-module, a new MMC simplified sub-module 
is put forward. Compared with the conventional MMC full-bridge sub-module, the 
designed MMC simplified sub-module reduces the use of one power switch, thus 
simplifies the modulation strategy, reduces the amount of calculation and shortens 
the calculation time, which provides a new idea in applying m-mode controllability 
to multilevel inverters. 
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Chapter 9 M®) 
m-Mode SVPWM for PWM Rectifier ectias 


The previous chapters have discussed the application of m-mode SVPWM in different 
types of inverters. In fact, m-mode SVPWM is also applicable to other converters 
that adopt PWM strategy. In this chapter, m-mode SVPWM is extended to voltage- 
source PWM rectifier. According to the operating principle of PWM rectifier, the 
switched linear system model of PWM rectifier is established, and the condition 
of m-mode controllability is obtained based on the state controllability criterion of 
power converter. Then, m-mode SVPWMs suitable for PWM rectifier is put forward 
and verified by simulation results. 


9.1 Overview of PWM Rectifier 


9.1.1 Topology of PWM Rectifier 


In 1979, the PWM concept of AC/DC converters was first proposed [1]. Subsequently, 
a three-phase full-bridge AC/DC converter using fully controlled switching devices 
was proposed to achieve the unity power factor operation and AC sinusoidal input 
current by PWM [2]. 

The common topologies of voltage-source PWM rectifier are shown in Figs. 9.1, 
9.2, and 9.3, including single-phase rectifier in Fig. 9.1, three-phase rectifier in 
Fig. 9.2, and three-phase three-level rectifier in Fig. 9.3. Although the three-phase 
three-level rectifier is suitable for high voltage applications, the number of required 
power switches is increased and the control is relatively complicated. Therefore, this 
chapter will take the three-phase voltage-source PWM rectifier shown in Fig. 9.2 as 
the example, to explore the application of m-mode SVPWM in PWM rectifiers. 
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Fig. 9.3. Three-phase three-level voltage-source rectifier 
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9.1.2 Operating Principle of PWM Rectifier 


By applying PWM to control the fully controlled switching devices of the voltage- 
source rectifier, not only the desired magnitude of the rectified voltage can be 
obtained, but also the input current can be changed in a sinusoidal manner approx- 
imately. If the input inductance L is large enough, for the convenience of analysis, 
only the fundamental component of the AC side voltage of the PWM rectifier is 
considered, and the AC side resistance is ignored, then the equivalent circuit of the 
voltage-source PWM rectifier is shown in Fig. 9.4. Since vag = vz + Vin, if the AC 
power supply voltage at the grid side va, does not change, then the amplitude and 
phase of the input inductor current (or input current) iz are determined by the funda- 
mental component vin; of the AC side voltage v;, of the rectifier and the AC power 
supply voltage vac. Therefore, by controlling the turn-on and turn-off of the power 
switcher, and thus controlling the amplitude and phase of the voltage fundamental 
component of the rectifier AC side, the output voltage and power factor of the rectifier 
can be controlled. 

Under the steady-state conditions, the vector relationship between the voltage 
and current of the rectifier AC side is shown in Fig. 9.5, where the AC power supply 
voltage vector Vac is the reference vector (line segment O’O). By controlling the 
voltage vector of the rectifier AC side Vii (line segment O'X, X = A, B, C, D), the 
Ty 


amplitude of the input current in ) can keep 


or inductor voltage |V jl = oL 


constant. At this time, the trajectory of the end point X of fundamental voltage vector 
V ini forms a circle with radius | V L|, which means that the rectifier can operate in four 


quadrants. Figure 9.5a—d represent four different operating modes, namely positive 
resistor, negative resistor, pure inductor, and pure capacitor, respectively. 


As shown in Fig. 9.5a, the end point of Vini locates at point A, that is, vin; lags 
Vac by a certain angle, to make vz, lead va, by 90°. Since the inductor current lags the 
inductor voltage by 90°, the inductor current (or input current) iz is in phase with 
Vac, and the rectifier exhibits positive resistor operating characteristic as a whole. 


Fig. 9.4 Equivalent circuit of a PWM rectifier 
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Fig. 9.5 Phasor diagram of PWM rectifier under different operating modes 


As shown in Fig. 9.5b, the end point of Va locates at point B, that is, vin; leads 
Vac by a certain angle, so that vz lags vac by 90°, and the input current i; is opposite 
to the AC power supply voltage va-. Consequently, the rectifier exhibits negative 
resistor operating characteristic. 


As shown in Fig. 9.5c, the end point of Va locates at point C, that is, vin] 1s in 
phase with va but its amplitude is less than that of va,. At this time, vz is in phase 
with vac as well, and the input current iz lags the AC power supply voltage vac by 
90°. Therefore, the rectifier exhibits pure inductor operation characteristics. 


As shown in Fig. 9.5d, the end point of Vii locates at point D, that is, vin; is in 
phase with the grid voltage v,, but its amplitude is greater than that of vac. At this 
time, vz is opposite to Vac, and the input current iz, leads the AC power supply voltage 
Vac by 90°. Thus, the rectifier exhibits pure capacitor operating characteristics. 

The above four operating modes are special cases of PWM rectifier. In most cases, 
the input current vector of the rectifier can be placed in any quadrant to achieve 
four-quadrant operation of the rectifier by adjusting the amplitude and phase of the 
AC side voltage of the rectifier. As shown in Fig. 9.5, the control of the rectifier 
input current can be achieved by controlling the voltage of the rectifier. Currently, 
the main modulation methods of the PWM rectifier include carrier PWM technology 
and SVPWM technology. The m-mode SVPWM for PWM rectifier will be discussed 
in next section. 
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9.2 m-Mode SVPWM Strategy 


9.2.1 Switched Linear System Model 


As shown in Fig. 9.2, the three-phase voltage-source PWM rectifier consists of three- 
phase bridge arms. Each phase bridge arm has two switching states, so there are eight 
combinations of switching states. Each switching state combination corresponds to 
one operating mode or voltage vector. Similar to the three-phase four-wire inverter, 
all the switching states and operating modes of the three-phase voltage-source PWM 
rectifier are listed in Table 9.1. 

According to the switching states in Table 9.1, the equivalent circuits correspond- 
ing to the eight operating modes of the three-phase voltage-source PWM rectifier 
can be obtained in Fig. 9.6. 

The three-phase input currents (or inductor currents) ig, ip,i¢ and the DC side 
capacitor voltage vg. are selected as the state variables, that is, x = [ig, ip, ic, Vael™. 
According to Fig. 9.6, the switched linear system model similar to Eq. (2.1) with 


switching variable o € (1, 2,---, 8) can be obtained, where 
r 2 
-; 0 0 ar 
0 -£ 90 + 
A\= ye (9.1) 
Saeed 
c 9 0 —-Re 


Mode | Sai Sa2 Spi Sp2 Sct S22 Vector | Binary representation 
1 ON OFF OFF OFF ON ON v, : 100 
2 ON ON OFF OFF OFF ON Ve 110 
3 OFF ON OFF ON OFF ON Ve 010 
4 OFF ON ON ON OFF OFF Vu 011 
5 OFF OFF ON ON ON OFF Vos 001 
6 ON OFF ON OFF ON OFF V6 101 
7 OFF OFF OFF ON ON ON Ve 000 
8 ON ON ON OFF OFF OFF Vs 111 
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Fig. 9.6 Equivalent circuits of three-phase voltage-source PWM rectifier 
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Fig. 9.6 (continued) 
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9.2.2 m-Mode Controllability 


According to controllability criterion 2.1 for power converter, the controllability anal- 
ysis of the three-phase voltage-source PWM rectifier is carried out in this section. 
Since the operating modes 7 and 8 represent for the zero voltage vector, the num- 
ber of effective operating modes is 6, and the matrix corresponding to Eq. (2.6) is 
constructed as below. 
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[B,,..., Be, Ay By,..., A, Bo,..., Ao Bi,..., Ao Bo, 
AG Bigs iio Aq BGs 21g At Ag Bins 0s Av Ag Bey ves 
A} Bi, ...A}Bo,..., A1AgBo, ---, Ae Bo| (9.10) 


Based on Eqs. (9.1)-(9.9), it is obvious that B= [B,, Bo, ..., Bo] is a non-full 


rank matrix, while A, B= [A, B,,..., A, Bo] is a matrix of 4 x 18 dimensions, and 
it is easy to calculate its rank equal to the number of state variables of the PWM 
rectifier, that is 


rank [AB] = p =4 (9.11) 


Therefore, Eq. (9.11) indicates that the three-phase PWM rectifier is state con- 
trollable. 


9.2.3 m-Mode SVPWM 


Referring to the 3-mode SVPWM for the three-phase four-wire inverter, if only the 
operating modes 1, 3, and 5 are selected to modulate the three-phase PWM rectifier, 
then the controllability criterion of PWM rectifier can be calculated as below. 


rank [B,, B3, Bs, A, By, A3B,, AsB,,..., A,Bs, A3Bs, As Bs] = 4 (9.12) 


Equation (9.12) means the three-phase PWM rectifier is 3-mode controllable. 
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Fig. 9.7 Vector distribution of 3-mode SVPWM 
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Similarly, if only operating modes 2, 4, and 6 are selected to modulate the PWM 
rectifier, then we have 


rank [Bo, By, Be, Ar Bo, A4Bz, Ap Bo, ..., Ar Bo, A4 Bo, Ao Bo] = 4 (9.13) 


The above equation also proves that the three-phase PWM rectifier is 3-mode 
controllable. 

Therefore, the three-phase PWM rectifier can be controlled by the operating modes 
1, 3, and 5, or 2, 4 and 6. The following switching strategy using operating modes 
1, 3, and 5 is called 3-mode SVPWM I, while the one using modes 2, 4, and 6 are 
called 3-mode SVPWM II, and their corresponding space vectors are distributed as 
shown in Fig. 9.7. 
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Fig. 9.8 Vector distribution of 4-mode SVPWMs 
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According to the 4-mode controllability of the three-phase four-wire inverter, 
there are three types of 4-mode combinations for the three-phase PWM rectifier, 
including modes 1, 2, 4, and 5, modes 2, 3, 5,and 6, and modes 1, 3, 4, and 6. Then, 
the 4-mode controllability matrixes of the three-phase PWM rectifier are constructed 
respectively, and their ranks are calculated as below. 


rank [By, Bo, Ba, Bs, A,B, ees As5B,, reais ABs, Rahs As5 Bs] =4 (9.14) 
rank [Bo, B;, Bs, Bo, A2Bo, eee AoBo, eo A2Be, Odie i Ao Be] =4 (9.15) 
rank [By, B3, Ba, Bo, A,B, Serer er Ao Bi, Pere Ai Bo, weeny Ao Be] =4 (9.16) 


Equations (9.14)-(9.16) indicate that the three-phase PWM rectifier is 4-mode 
controllable. The voltage space vector distribution of the above three 4-mode SVP- 
WMs is shown in Fig. 9.8. The voltage space vector synthesis method corresponding 
to the operating modes 1, 2, 4, and 5 is called 4-mode SVPWM I; the synthesis 
method adopting modes 2, 3, 5, and 6 is called 4-mode SVPWM II; and the synthesis 
method using modes 1, 3, 4, and 6 is called 4-mode SVPWM III. 

Since the switching state combination of the three-phase PWM rectifier is the 
same as that of the three-phase four-wire inverter, the specific implementation of 
3-mode SVPWM and 4-mode SVPWM can be found in Chaps. 3 and 4, no more 
details will be described in this section. 


9.3. Characteristic Analysis 


The output characteristics of a three-phase PWM rectifier under conventional 
SVPWM and m-mode SVPWM will be compared in this section. The simulation 
parameters are set as follows: RMS value of three-phase input voltage is 100 V, input 
frequency is 50 Hz, input inductance L is 5 mH, equivalent resistance r is 0.5 Q, DC 
side capacitance C is 2250 uF, and switching frequency is 10 kHz. The control target 
is unity input power factor and the output DC voltage vg. at 400 V. 


9.3.1 Conventional SVPWM 


The simulation results by using the conventional SVPWM are shown in Fig. 9.9. 
The output DC voltage in Fig. 9.9a can quickly reach the given reference voltage; 
The AC side voltage of the rectifier is shown in Fig. 9.9b; Fig. 9.9c shows that the 
input current is basically in phase with the AC power supply voltage; The harmonic 
contents of the input current is shown in Fig. 9.9d, and the total harmonic content 
(THD) is 3.57%. 
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Fig. 9.9 Simulation results of conventional SVPWM 


9.3.2 3-Mode SVPWM 


Under the same simulation parameters, 3-mode SVPWM I and 3-mode SVPWM 
II were simulated, respectively, and the simulation results are shown in Figs. 9.10 and 
9.11, respectively. It can be seen that the output DC voltages of 3-mode SVPWMs 
need a longer time to reach stable and the overshoot is larger, compared with the 
conventional SVPWM. The AC side voltage of the rectifier is greatly different from 
that of the conventional SVPWM, because the number of operating modes used in 
3-mode SVPWM is reduced to half of those in conventional SVPWM. The input 
current under 3-mode SVPWM is still in phase with the AC power supply voltage, 
but has a higher THD than conventional SVPWM. 
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Fig. 9.9 (continued) 


9.3.3 4-Mode SVPWM 


When using the 4-mode SVPWM strategy, since one more voltage space vector is 
used than the 3-mode SVPWM., the rectifier can be modulated under the conventional 
SVPWM in partial sectors of the complex plane. 

The simulation results of 4-mode SVPWMs I, II, and III are shown in Figs. 9.12, 
9.13 and 9.14, respectively. Compared with the simulation results of 3-mode 
SVPWM, it is found that the transition process of output DC voltage is shortened 
and the overshoot is reduced, which is close to the control effect of conventional 
SVPWM. In addition, the AC side voltages of the PWM rectifier using 4-mode 
SVPWM [and II are basically the same as that of the conventional SVPWM, but that 
using 4-mode SVPWM III is still quite different from the conventional SVPWM. 
Furthermore, regardless which type of the 4-mode SVPWM strategy, the input cur- 
rent is in phase with the AC power supply voltage, and THD of the input current is 
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Fig. 9.10 Simulation results of 3-mode SVPWM I 


lower than that of 3-mode SVPWM, where THD of 4-mode SVPWM II is close to 
that of the conventional SVPWM. 


9.4 Summary 


In this chapter, based on the establishment of the switched linear system model, the 
state controllability of the three-phase voltage-source PWM rectifier has been proved. 
Referring to the conclusions of Chap. 2, the 3-mode and 4-mode controllability of 
the three-phase PWM rectifier have been discussed and the corresponding SVPWM 
strategies have been put forward. The simulation analysis and comparison of the 
proposed 3-mode SVPWM and 4-mode SVPWM strategies show that the m-mode 
SVPWM method is not only suitable for inverters, but also for voltage-source PWM 
rectifiers, which lays the foundation for the popularization and application of m-mode 
SVPWM. 
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Fig. 9.11 Simulation results of 3-mode SVPWM II 
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Fig. 9.11 (continued) 
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Fig. 9.12 Simulation results of 4-mode SVPWM I 
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Fig. 9.12 (continued) 
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Fig. 9.13 Simulation results of 4-mode SVPWM II 
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Fig. 9.13. (continued) 
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Fig. 9.14 Simulation results of 4-mode SVPWM III 
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(d) Fundamental (50Hz) = 16.17 , THD= 4.66% 
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Fig. 9.14 (continued) 
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